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1 �Introduction
Genome editing technology offers tremendous potential for agricultural 
improvements including consumer health, increased productivity, and 
alleviating the growing food security crisis. Progress in developing and 
implementing site-directed nucleases (SDNs), in particular CRISPR/Cas9, 
has been rapid and exciting. In addition, many new approaches have been 
concurrently developed for delivery of CRISPR/Cas9 components to plant 
cells, from Agrobacterium infection to nanoparticles (Chen et al., 2019). 
However, advances in genome editing and delivery technologies continue 
to outpace our ability to efficiently produce edited events due to the lack of 
robust methods for regeneration of fertile plants for many crops (Altpeter 
et al., 2016). Historically, recovering transgenic plants, even at low frequency, 
has been considered a major success for many crops. However, genome 
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editing applications comprising template-based modifications via homology-
directed repair (HDR), often require production of hundreds of regenerated 
events to recover plants with the desired edit(s). This limitation in regeneration 
efficiency hinders full adoption of CRISPR/Cas9-mediated genome editing in  
agriculture. 

The challenge of efficient regeneration influences many experimental 
options to develop a successful genome editing protocol and ultimately 
depends on how amenable a species is to in vitro manipulation. Given this 
prerequisite, easily cultured species such as Arabidopsis thaliana and Nicotiana 
benthamiana became the model for demonstrating multiple genome editing 
applications, using delivery to a variety of plant explants ranging from 
protoplasts (Li et al., 2013) to in planta (Maher et al., 2020). Conversely, many 
important row crop species (e.g. cereals, legumes, and woody perennials, 
among others) are difficult to manipulate in vitro, limiting the opportunities for 
successful application of genome editing technologies. 

Recalcitrant species, which typically exhibit consistently low-regeneration 
frequencies, are usually suitable for simple mutagenesis-based knockouts, 
but not for more complex (and low frequency) template-based edits. While 
recalcitrance for a given species can sometimes be overcome by perseverance 
and patience through exploring tissue culture conditions, new approaches 
such as the use of morphogenic genes can be an important adjunct, aiding 
in both accelerating progress in certain species and expanding the range of 
accessible plant varieties.

To ensure success, choosing the optimal combination of CRISPR/Cas9 
delivery method and tissue culture strategy requires thoughtful consideration 
for any given plant species. In this chapter we discuss delivery options, cell type 
or plant explant, and the potential benefits of using morphogenic genes.

2 �Delivery of genome editing components into plant cells
Competence and regenerability are critical considerations in selecting an 
explant to be suitable for genome modification. Competence reflects the 
ability of a cell/tissue to be genetically modified by receiving exogenous 
biomolecules (e.g. DNA, RNA, protein etc.). Regenerability can be described as 
the plant cell’s ability to switch toward a regenerative pathway resulting in the 
production of a full fertile plant capable of transmitting the intended genome 
modification to its progenies (Delporte et al., 2012).

Options for transformable explant material range from single cells, such as 
protoplasts or microspores, to embryonic tissues such as meristem, scutellum 
or cotyledons, to seedling-derived tissues such as apical/axillary meristems, 
hypocotyl or leaves, and finally in planta alternatives. In general, these tend 
to progress from methods involving extended lengths of in vitro culture (e.g. 
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protoplast, embryogenic/organogenic callus), toward those that capitalize on 
more rapid plant development, including direct somatic embryo or meristem/
shoot formation, and finally remaining entirely in planta. Following this trend 
is a concomitant reduction in the time required from delivery of DNA, RNA, 
and/or protein to recovery of a fertile genome-edited plant, conditions that 
have long been recognized as desirable to minimize tissue culture and reduce 
somaclonal variation (Côte et al., 2001). The ideal scenario would be a simple 
in planta method that worked across all plants, but currently many species 
require long in vitro manipulation while others, including many agronomically 
important crops, remain recalcitrant to any of the generic strategies outlined in 
Table 1. 

The cell types or tissues used for successful CRISPR/Cas9-mediated editing 
include examples such as lettuce protoplasts (Woo et al., 2015), leaf tissue in 
tobacco (Gao et al., 2015), immature embryos in cereals (Svitashev et al., 2015, 
2016; Shi et al., 2017; Liang et al., 2017; Hamada et al., 2018), embryogenic 
callus in rice (Xu et al., 2015; Sun et al., 2016), and immature cotyledons in 
soybean (Li et al., 2015). Many alternative explants such as callus, cotyledons, 
true leaves, microspores, axillary meristems, and hypocotyl (or stem) have been 
used to produce transgenic plants (Table 1) and remain a viable starting material 
for future CRISPR/Cas9-mediated genome editing. For many crops, explant 
preference can change over time with concomitant reductions in tissue culture. 
Cowpea is one example of a recalcitrant crop in which the choice of explant 
and culture route has had a profound impact on the outcome. Accordingly, 
researchers have recognized the benefit of moving away from organogenic or 
embryogenic cultures as a transformation target, which results in prolonged 
periods of tissue culture. Instead, they have shifted to T-DNA delivery into such 
explants as cotyledons (Raveendar and Ignacimuthu, 2010) or cotyledonary 
nodes (Chaudhury et al., 2007), and the more direct route of Agrobacterium-
mediated delivery into the embryo axis (Popelka et al., 2006; Bett et al., 2017), 
which reduced time in culture. Finally, by targeting the apical meristem (Bett 
et al., 2017) or cotyledonary/axillary meristems (Che et al., 2019), followed 
by direct shoot formation, the selection of transgenic events in cowpea has 
become simpler (Bett et al., 2017) or both simpler and more efficient (Che et al., 
2019). 

In planta methods that take advantage of normal growth and reproduction 
with a minimal perturbation to the system, are the quintessence of 
transformation approaches for all plant species. Floral-dip in Arabidopsis has 
been widely used for transformation over many years, and more recently has 
been extended to delivery of CRISPR/Cas9 components for mutagenesis and 
template-based genome editing (Table 1). In a more recent in planta report, the 
axillary meristem has been targeted for Agrobacterium-mediated delivery to 
demonstrate genome editing (Maher et al., 2020).
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3 �Delivery methods for genome editing reagents: delivery  
into single cells

The presence of a rigid glycan-rich cell wall surrounding the cell membrane 
makes the task of delivering exogenous material to plant cells extremely 
challenging. Current delivery options for genome editing reagents can be 
divided into three main categories: physical, chemical, and biological (Que et al., 
2019). The method by which genome modification reagents are introduced is 
dictated by the explant type and its regenerative capacity for any given plant 
species. For most species, more than one delivery system can be used. In turn, 
these available alternatives allow delivery of different genome editing reagents 
(e.g. DNA, RNA, proteins, or mixtures). Among physical delivery options, 
particle bombardment or biolistic (Klein et al., 1987) and electroporation 
(Fromm et al., 1985; Shillito et al., 1985) are most common, predominantly 
used for delivery into either whole cells/tissue or into protoplasts, respectively. 
Polyethylene glycol (PEG) has been the most widely used chemical agent for 
protoplast transformation (Kofer et al., 1998). In terms of biological delivery, all 
mainstream methods rely on Agrobacterium tumefaciens (Gelvin, 2003; 2017), 
but other methods such as the use of viral particles have been attempted 
(Grimsley et al., 1987). 

Protoplasts are plant cells from which the cell wall has been mechanically 
(Von Klercker, 1892) or enzymatically removed (Cocking, 1960; Takebe et al., 
1968; Power and Cocking, 1970). They can be isolated directly from different 
parts of in vitro or greenhouse-grown plants, with the young leaf mesophyll 
being the preferred tissue. Alternatively, protoplasts can be isolated from 
in vitro cultured tissues, with cell suspension cultures derived from friable 
embryogenic callus being the most common source. Plant growing conditions 
and plant age exert a major influence on yield and viability of the isolated 
protoplasts (Shepard and Totten, 1977; Kao and Michayluk, 1980). In addition, 
in vitro cultured material provides a more reliable source for consistent high-
quality protoplasts if the cells can be maintained at maximum growth rates 
and utilized at an early log phase (Ishii, 1988). The viability of freshly isolated 
protoplasts is also influenced by enzyme composition and concentration, pH, 
and osmotic pressure used for isolation (Uchimiya and Murashige, 1974). Both 
electroporation and PEG-mediated delivery are efficacious, with the success 
depending on the species and tissue source used to produce protoplasts as 
well as the physical parameters used during delivery.

Electroporation methods have been developed for protoplasts from a wide 
range of both monocotyledonous and dicotyledonous plants (Hauptmann 
et al., 1987). Biological parameters known to impact electroporation efficiency 
include cell diameter and cell density (Rouan et al., 1991; Rao et al., 1995). 
Other important factors include strength and duration of the electric pulse (Fisk 
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and Dandekar, 2004), ion types, and their concentration in the buffer (Saunders 
et al., 1995; Niedz et al., 2003).

Chemical transformation of protoplasts commonly relies on the use of PEG 
(Krens et al., 1982; Paszkowski et al., 1984). PEG is an inert hydrophilic polymer 
of ethylene oxide and in combination with various salts facilitates the uptake 
of molecules into cells. Factors that influence the transfection efficiency of this 
process include the concentration and molecular weight of PEG, the pH of the 
transfection buffer, and the type and concentrations of the cations (Bittencourt 
et al., 1995; Maas and Werr, 1989). 

Both electroporation and PEG-mediated delivery into protoplasts have 
been successfully used for transient and stable CRISPR/Cas9-mediated genome 
editing in multiple crop species (Feng et al., 2013; Xie and Yang, 2013; Gao et al., 
2015; Bhowmik et al., 2018). The use of protoplasts for transient evaluation of 
editing reagents represents the latest application of this versatile single cell–
based platform allowing the production of thousands of independent events 
and high-throughput screening (Dlugosz et al., 2016; Lin et al., 2018). 

Isolated protoplasts are theoretically capable of dedifferentiation, re-entry 
into the cell cycle, and development into callus from which plants may be 
regenerated by somatic embryogenesis or organogenesis (Xu and Xue, 1999). 
The first report of plants regenerated from protoplasts was in Nicotiana tabacum 
(Takebe et al., 1971) followed by multiple other crops (Baset et al., 1991; 
Binding et al., 1978; Rhodes et al., 1988). The ability to regenerate plants has 
been demonstrated to be under genetic control in different species (Koornneef 
et al., 1987; Mórocz et al., 1990; Chupeau et al., 2013) and recalcitrance to 
regeneration has also been associated to physiological factors like the increase 
of intracellular level of polyamine (Papadakis et al., 2005) or oxidative stress 
induced during protoplast isolation and culture (Benson and Roubelakis-
Angelakis, 1994; de Marco and Roubelakis-Angelakis, 1996; Papadakis et al., 
2001). Improvement of regeneration efficiency has been achieved in some 
species by manipulation of the culture systems (Pati et al., 2005; Niedz, 2006; 
Kiełkowska and Adamus, 2012) and media manipulation (Grzebelus et al., 
2012). However, regeneration can be efficiently obtained only in few genotypes 
(Eeckhaut et al., 2013; Hu et al., 1999) limiting the practical utility of protoplast-
based systems for crop improvement (Table 1).

4 �Delivery methods for genome editing reagents: delivery  
into intact tissues

Delivery of genome editing reagents to intact plant tissues has relied 
predominantly on particle bombardment and Agrobacterium with emphasis 
inexorably shifting toward the latter option. In addition, use of Agrobacterium-
mediated delivery of viral-based replicons into leaf tissue of various dicot species 
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is also increasing the efficiency of CRISPR/Cas9 gene modification (Baltes et al., 
2014; Čermák et al., 2015; Butler et al., 2016). Direct delivery of Cas9 and guide 
RNA (gRNA) ribonucleoprotein (RNP) complexes into rice zygotes has also been 
reported (Toda et al., 2019). Most recently, the use of nanoparticles is bringing 
greater attention back to physical delivery methods. Specific examples from 
within these broad topics are presented in the next section.

4.1 �Particle bombardment

The biolistic method relies on the ability of heavy-metal carriers (e.g. tungsten or 
gold) coated with cargo biomolecules to penetrate plant cells when accelerated 
using high-pressure helium in a partial vacuum. Once inside the cell the cargo 
can elute from the microparticles and either integrate into the genome (stable 
expression) or remain as extrachromosomal material (transient expression). This 
transformation system can transform not only the nucleus but also plastid and 
mitochondria (Sanford, 2000). Furthermore, biolistics can be used with diverse 
cell types and delivers a high number of biomolecules (Altpeter et al., 2005). 
One additional advantage of this delivery system is that multiple genome 
editing components can be co-delivered on separate plasmids, simplifying 
vector design and assembly. The success of biolistic experiments depends on 
numerous parameters including acceleration of particles, selection of target 
tissues, size of microparticles, and ratio of DNA to particles. Disadvantages 
of this method include limited control over distribution and penetration of 
microparticles and potential cell lethality. In addition, chromosome damage 
and complex multicopy vector DNA integration reduce the proportion of 
usable genome-edited events (Svitashev et al., 2000; Svitashev et al., 2002; 
Liu et al., 2019). Biolistic delivery has been employed for genome modification 
application in numerous species including maize (Ainley et al., 2013; Svitashev 
et al., 2015, 2016; Shi et al., 2017), wheat (Liang et al., 2017; Hamada 
et al., 2018), soybean (Jacobs et al., 2015; Li et al., 2015), and rice (Sun et al.,  
2016).

4.2 �Electroporation

Electroporation has also been used to deliver DNA directly through the 
cell wall, but with limited success. This method has been used to deliver 
a vector containing the hygromycin-resistance gene into maize immature 
embryos to recover stable transgenic events (D’Halluin et al., 1992). 
Recently, electroporation of wheat microspores resulted in both Ds-RED 
expression and CRISPR/Cas9-mediated mutagenesis of an endogenous gene 
(Bhowmik et al., 2018). Finally, electroporation of CRE recombinase protein 
has been used to facilitate site-specific recombination, excising GFP and 



Published by Burleigh Dodds Science Publishing Limited, 2021.

Strategies for CRISPR/Cas9-mediated genome editing﻿ 9

activating GUS expression in Arabidopsis suspension cells (Furuhata et al.,  
2019).

4.3 �Agrobacterium

Since the early days of transformation in dicotyledonous species, Agrobacterium 
has been favored for its ability to transform an ever-increasing number of 
species and a range of plant tissues such as cotyledons (Nakajima et al., 2013), 
cotyledonary nodes (Paz et al., 2006), embryo axis (Krishnamurthy et al., 2000), 
stems (Moore et al., 1992), stem internodes (Maheshwari and Kovalchuk, 2016), 
apical meristems (Dutt et al., 2007), leaf tissue (De Block, 1988), and flower 
via floral-dip (Clough and Bent, 1998; Hu et al., 2019a). In contrast, for most 
cereals, the preferred explant is the immature embryo where the scutellar tissue 
is competent for both transformation and regeneration (Jones et al., 2009; Hiei 
et al., 2014). 

Since the discovery of Agrobacterium-mediated plant transformation 
(Barton et al., 1983; Caplan et al., 1983), there has been continuous improvement 
in this system. Exploring different Agrobacterium strains led to the widespread 
use of such workhorse strains as LBA4404 (Ooms et al., 1981), AGL1 (Lazo 
et al., 1991), and the EHA strains 101 and 105 (Hood et al., 1993). Altering the 
expression of virulence genes (Hansen et al., 1994), or increasing the copy 
number of vir genes (Hiei et al., 1994; Ishida et al., 1996), resulted in further 
enhancements of T-DNA delivery and efficacy across an ever-increasing range 
of species. Such modifications to Agrobacterium have also helped broaden 
the range of genotypes accessible for genome modification (see Sardesai and 
Subramanyam, 2018, for review). 

In its wild-type state, the virulence of Agrobacterium is managed through 
a large Ti plasmid which comprises both the T-DNA that is transferred to the 
host as well as virulence genes that provide the machinery to infect and deliver 
this T-DNA. Because of its large size (~200 kb), it is difficult to modify the Ti 
plasmid to reprogram the T-DNA cassette. This barrier led to the invention of a 
binary plasmid system in which the T-DNA component was separated from the 
virulence genes (Hoekema et al., 1983; Bevan et al., 1984). Further improving 
upon this design, Komari and colleagues introduced supplemental copies 
of several virulence genes in addition to the T-DNA plasmid to create what is 
known as the pSB1 super-binary vector (Komari et al., 1990), which has served 
as a system of choice for the transformation of numerous plant species (Hiei 
et al., 1994; Ishida et al., 1996). 

Recently, Anand et  al. (2018) described a ternary pVir system that 
simplified and improved upon pSB1 Agrobacterium-mediated transformation. 
The authors removed unnecessary sequences and split the supplemental 
virulence genes away from the T-DNA into a new accessory plasmid driven by a 
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smaller and higher copy pVS1 origin of replication. In addition, they corrected 
deficiencies of pSB1 including restoring a functional virC operon and a full 
length virD2 gene and identified novel combinations of supplemental vir genes 
that, when added to the accessory plasmid, further improved transformation. 
Finally, because pSB1 was known to spontaneously develop resistance to 
tetracycline, the authors utilized gentamicin as an improved selectable agent. 
The resulting accessory system (pVir) no longer conferred spontaneous TET 
resistance, was smaller, and was more virulent than pSB1 (Anand et al., 2018). 
These modifications simplified and improved stable plant-transformation 
among historically recalcitrant elite maize and sorghum varieties (Anand et al., 
2018; Che et al., 2018), resulting in higher frequencies of transformation and 
single-copy integrations (Tables 2 and 3). Importantly, moving the vir genes to a 
separate plasmid significantly decreased complexity and further simplified the 
T-DNA vector assembly process. 

For both dicots and monocots, early studies focused on random DNA 
integration. As methods for genome modification became more sophisticated 
and precise, various modes of gene targeting were developed using a diverse 
set of tools, including CRE and FLP recombinase-mediated site-specific 
integration in soybean (Srivastava and Ow, 2002; Li et al., 2009) or maize 
(Anand et al., 2019), and homology-dependent integration using either homing 
endonucleases such as I-SceI (Puchta et al., 1996) or I-CreI (Gao et al., 2010), 
zinc-finger nucleases (Wright et al., 2005; Shukla et al., 2009), TALENs (Li et al., 
2012; Haun et al., 2014), or CRISPR/Cas9 (Liang et al., 2014; Svitashev et al., 
2015; Malzahn et al., 2017). 

Table 2  Comparison of transformation and single-copy frequencies in the Pioneer maize 
inbred PH2RT, using either the helper plasmid pSB1 or the pVir helper plasmid PHP71539

Construct Transformation frequency (%)
Single copy,  

no Backbone (%)

pSB1 13.7 5.1
pVir pPHP71529 31.1 9.1

Table 3 Transformation and single-copy frequencies for four different sorghum varieties using 
the pVIR helper plasmid PHP71539

Cultivar Transformation frequency (%) Single copy, no Backbone (%)

Tx430 27 16
Malisor 84-7 7.5 3.6
Tegemeo 1.5 NA
Macia 1 NA

NA, Not available.
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4.4 �Viral-based replicons

Plant virus-based replicons have recently become an attractive supplement to 
Agrobacterium-mediated delivery. A key advantage of a viral replicon delivery 
system is the prolific accumulation of nucleic acids, making the gene-editing 
process potentially more efficient. Thus, a transient viral platform could provide 
an ideal screening tool to quickly assess gRNA design and to measure desired 
effects. If gRNA delivery using traditional methods is a limiting factor to obtain 
efficient genome editing in plants, the abundant virus replication systems could 
potentially provide high gRNA yields for efficient, quick, and systemic editing 
(Cody and Scholthof, 2019). 

In the past, focus on viral replicons centered mainly on production of 
recombinant proteins in plants (Ibrahim et al., 2019). When first attempted, 
plant cells were infected with a full-genome copy of the plant virus, resulting in 
transgene instability, limited cargo size, and raising biosafety concerns. This led 
to the design of a second generation of viral-based vectors that retained the 
replication function, supported gene expression, but lacked coat proteins and 
movement (Gleba et al., 2004). Removal of the mobility function necessitated 
delivery of the viral replicon vector to the plant cell by Agrobacterium or 
particle bombardment (Marillonnet et al., 2004). Once in the plant cell, replicon 
amplification increases the available template DNA, resulting in increased HDR-
based editing efficiency (Baltes et al., 2014). The choice of RNA- or DNA-based 
viruses affects both efficacy and versatility of the expression system. RNA-based 
viruses have small genomes facilitating cloning and multiplexing of gRNA, and 
don’t integrate into the plant genome. However, their cargo capacity is limited, 
they are unsuitable for HDR edits and have been reported to have issues with 
their stability and genomic integrity (Seaberg et al., 2012).

Early reports of CRISPR/Cas9-mediated gene knockouts in plants used 
either the RNA Tobacco Rattle Virus (TRV) (Ali et al., 2015b) or a DNA geminivirus 
(Baltes et al., 2014; Ali et al., 2015a). TRV has been most widely used for genome 
editing vector designs because of its high level of accumulation and associated 
gene expression in a variety of hosts. The use of TRV-based vectors has been 
demonstrated in Nicotiana ssp., Petunia hybrida, and Arabidopsis (Marton et al., 
2010; Honig et al., 2015; Ali et al., 2015a, 2018). Other RNA viruses used for 
genome editing include Tobacco Mosaic Virus (TMV) in N. benthamiana (Cody 
et al., 2017), the Pea Early Browning Virus in Arabidopsis (Ali et al., 2018), and 
the Beet Necrotic Yellow Vein Virus in N. benthamiana (Jiang et al., 2019). The 
TMV-based vector was shown to transiently deliver high concentrations of 
sgRNAs in N. benthamiana to obtain ~70% insertion-deletion mutations, most 
of which were observed within 2–3 days after Agrobacterium infection (Cody 
et al., 2017). In this manner, the authors successfully demonstrated targeting 
of two Argonaute 1 (AGO1) paralogs with one gRNA, as well as codelivery of 
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two adjacent gRNAs using a single construct. Recently, Barley Stripe Mosaic 
Virus has been reported to enable targeted genome editing in both wheat and 
maize (Hu et al., 2019b) expanding the use of RNA virus-derived vectors beyond 
model plants. DNA virus-derived vectors overcome the cargo limitations 
and instability associated with RNA virus-derived counterparts. DNA vectors 
derived from geminiviruses are most developed and implemented. The viruses 
in this family are characterized by a single-stranded circular DNA genome, 
which is converted to double-stranded DNA by plant DNA polymerases after 
amplification to high copy number via rolling circle replication (Hanley-Bowdoin 
et al., 1999). The Bean Yellow Dwarf Virus replicon system has been efficiently 
deployed for delivery of ZFNs, TALENs, and CRISPR/Cas9 reagents resulting in 
the production of calli and plants with precise DNA sequence changes (Baltes 
et al., 2014; Čermák et al., 2015). Similar vectors used for genome modification 
have been derived from other geminiviruses such as Wheat Dwarf Virus (Gil-
Humanes et al., 2017; Wang et al., 2017) and Cabbage Leaf Curl Virus (Yin et al., 
2015).

4.5 �Nanoparticles

Nanoparticles have been explored for many years, with the earliest studies 
demonstrating successful delivery of either DNA (Torney et al., 2007) or 
proteins (Martin-Ortigosa et al., 2012) using gold-functionalized mesoporous 
silica delivered by particle bombardment into plant cells. Recently, the use 
of carbon nanotubules for delivery of siRNA (Demirer et al., 2019a) and DNA 
(Demirer et al., 2019b) into a range of plant species has been demonstrated 
for gene silencing and transgene expression, respectively. In the case of RNA 
delivery, the nanotubules appeared to provide protection against degradation, 
and for DNA they permit transient expression while precluding DNA 
integration into the plant genome. Interestingly, the chemistry used to pre-
treat the carbon nanotubules may impact sub-cellular delivery. For example, 
for siRNA and DNA delivery, the carbon nanotubules were treated with 
polyethyleneimine which results in both nuclear and chloroplast localization. 
In contrast, treating with chitosan appeared to favor chloroplast delivery (Kwak 
et al., 2019). Irrespective of the final subcellular localization, both chemistries 
appeared to support transient gene expression while protecting the DNA 
against degradation. Efficacy of nanoparticle delivery has been demonstrated 
for CRISPR/Cas9-mediated editing in mammalian cells (Durfee et al., 2016). 
Based on the encouraging observations that nanotubule-delivered siRNA and 
DNA are transiently functional in plant cells, Wang et al. (2019) suggested that 
nanotubule delivery could potentially be developed for CRISPR/Cas9-mediated 
production of transgene-free genome edited plants, an outcome similar to that 
already demonstrated using particle delivery of RNPs (Svitashev et al., 2016).
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5 �Alternatives to DNA delivery
In most genome editing experiments, the gRNA as well as the Cas9 and 
selectable marker genes, have been delivered into plant cells using either 
T-DNA (Agrobacterium infection) or plasmid DNA (particle bombardment). 
In both cases, the delivered DNA can integrate into the genome leading to 
various side effects such as gene disruption, plant mosaicism, and potential off-
site cutting (Svitashev et al., 2015; Kanchiswamy, 2016). 

Direct DNA-free genome editing can be accomplished through biolistic 
delivery of gRNA and Cas9 either in the form of in vitro transcribed RNA 
molecules (IVTs) or as in vitro assembled ribonucleoprotein (RNP) complexes. 
Guide RNA and Cas9 mRNA have been successfully delivered to wheat 
immature embryos resulting in approximately 3-fold lower frequency of 
targeted mutagenesis in comparison to conventional DNA-based genome 
editing methods (Zhang et al., 2016). Lower efficiency of this approach is likely 
related to incomplete IVTs, partial degradation of RNA molecules during gold 
particles preparation, and/or RNA degradation upon delivery to the plant cells 
(before RNP complexes are formed). 

Delivery of Cas9 and gRNA in the form of RNP complexes not only 
mitigates many issues associated with DNA vectors but also has several 
additional advantages over RNA delivery. First, the preassembled 
complexes are considerably more stable and not subjected to the same 
level of degradation as RNA molecules. We have recently demonstrated 
that replacement of in vitro transcribed gRNA with chemically synthesized 
molecules further increased activity of RNPs resulting in a 2–4-fold increase 
in targeted mutagenesis (Svitashev et al., unpublished data). Second, particle 
bombardment allows simultaneous delivery of thousands of RNP molecules 
into a single cell resulting in highly efficient target site cleavage. Third, the 
complex is active immediately upon delivery, eliminating the time required 
for transcription (i.e. for DNA) and translation of Cas9 protein (both DNA and 
RNA). The last two considerations are especially important for gene-editing 
applications relying on homology-based repair of DSB using oligonucleotides 
as donor templates, which are subjected to rapid degradation by cellular 
nucleases. 

Efficient genome editing using RNP was first demonstrated in cultured 
human cells using electroporation-mediated delivery (Kim et al., 2014; Lin 
et al., 2014). Later, plant protoplasts were successfully used for RNP delivery 
in a variety of plants such as tobacco, Arabidopsis, lettuce, rice, and Petunia 
(Woo et al., 2015; Subburaj et al., 2016; Murovec et al., 2018; Park et al., 2019). 
However, for most monocot species, including major crops such as maize, 
wheat, rice, barley, and sorghum, regeneration of plants from protoplasts 
remains either unattainable or inefficient (Davey et al., 2005).
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Delivery of RNP complexes and efficient gene editing has been recently 
demonstrated in maize and wheat using particle bombardment of immature 
embryo cells (Svitashev et al., 2016; Liang et al., 2017). The regenerated plants 
contained specifically targeted gene mutations at frequencies comparable 
to conventional DNA-based delivery methods. Editing efficiency using this 
approach has allowed for recovery of completely transgene-free plants with 
mutated alleles at high frequencies without selection. This approach has also 
been used to edit the maize Acetolactate Synthase (ALS) gene conferring 
resistance to the herbicide chlorsulfuron (Svitashev et al., 2016).

Considering the current limitations in transformation and regeneration 
for many plant species (especially those that are asexually propagated), the 
ability to deliver RNP complexes significantly broadens options to modify plant 
genomes while eliminating unwanted transgene integrations. This provides 
new opportunities to advance agricultural breeding practices for any plant 
species amenable to biolistic delivery.

6 �Morphogenic genes increase transformation efficiency and  
extend genotype range

Genes that control the organized spatiotemporal development of plant 
embryos, meristems, tissue, and organs (the process of morphogenesis) have 
been cloned and characterized since the late 1990s. In short order, genes that 
regulate embryo formation and meristem maintenance began to intrigue plant 
transformation researchers, as a steady stream of reports demonstrated that 
mis-expression could result in ectopic formation of embryo- and/or meristem-
like structures, with early examples including genes such as LEC1 (Lotan et al., 
1998), LEC2 (Stone et al., 2001), ESR1 (Banno et al., 2001), WUS (Zuo et al., 
2002), and BBM (Boutilier et al., 2002). Since these early reports in Arabidopsis, 
new observations using orthologous genes, or newly characterized genes such 
as SERK1 (Pérez-Pascual et al., 2018), AGL15 (Harding et al., 2003; Thakare 
et al., 2008; Yang et al., 2014), or STM (Elhiti et al., 2010) were reported to either 
enhance preexisting somatic embryogenesis in culture, or to elicit ectopic 
formation of somatic embryos or meristems from differentiated tissues (for 
review, see Gordon-Kamm et al., 2019). While such reports were exciting, these 
early observations relied on constitutive expression of these morphogenic 
genes, which typically prevented the regeneration of normal fertile plants. 
Thus, use of pleiotropic genes for improved transformation has relied on 
recombinase-mediated excision to facilitate recovery of normal, fertile T0 plants 
after using either hormone biosynthesis or morphogenic genes (Ebinuma et al., 
1997; or Lowe et al., 2016, respectively). 

More recently, such studies have been refined, with controlled expression 
of morphogenic genes being used to restrict growth stimulation, enabling the 
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subsequent recovery of transgenic plants in such diverse species as Capsicum 
annuum (Heidmann et al., 2011), Arabidopsis thaliana (Lutz et al., 2015; Wang 
et al., 2009), Theobroma cacao (Shires et al., 2017), Nicotiana tabacum (Kyo 
et al., 2018), Populus tomentosa (Deng et al., 2009), Zea mays (Lowe et al., 
2016, 2018; Mookkan et al., 2017; Du et al., 2019), Sorghum bicolor (Lowe 
et al., 2016; Mookkan et al., 2017), and Oryza sativa ssp Indica (Lowe et al., 
2016).

A third alternative for using morphogenic genes has been co-transformation 
with two Agrobacterium strains, one delivering a T-DNA for strong Wus2 
expression in one cell, and the second strain delivering a trait-containing 
T-DNA into a neighboring cell. Through either transient expression of Wus2 
(with no integration) and/or strong expression to produce WUS protein that 
can move to the trait gene-containing cells and stimulate embryogenesis, the 
trait cells form somatic embryos that regenerate without any integration of the 
Wus2 T-DNA (Hoerster et al., 2020).

New morphogenic and/or growth-stimulating tools will continue to add 
new options to this toolbox. For example, Debernardi et  al. (2020) recently 
report that delivery of a constitutively expressed fusion-protein composed of 
Growth-Stimulating Factor4 (Grf4) and Grf-Interacting Factor1 (Gif1) improve 
transformation in wheat and citrus, and naturally occurring miR396 down-
regulation of Grf4 transcript in the resultant T0 plants appears to mitigate 
pleiotropic problems. Similarly, Grf5 has been used to increase transformation 
efficiency in sugar beet and maize (Kong et al., 2020).

In maize, the use of Wus2 and Bbm has improved transformation frequency 
in recalcitrant inbreds by 10-fold or greater (Lowe et al., 2016), which has played 
an important role in rapid implementation of CRISPR/Cas9 genome editing 
applications at Corteva Agriscience (formerly DuPont Pioneer). In addition 
to simply increase the number of recovered transgenic events, there may be 
an equally important, although less obvious, benefit of using Wus2/Bbm for 
genome editing. Although WUS2 and BBM proteins don’t directly interact with 
cell cycle components, cell division is stimulated (including replication during 
S-phase) and may be providing an HDR-conducive cellular environment. 
Likewise, it has been suggested that pleiotropic effects of Rep/RepA expression 
in plant cells harboring viral replicons may be favorable to DSB-initiated HDR-
based genome editing (Baltes et al., 2014). 

The regeneration bottleneck for many species can be alleviated using 
morphogenic regulators, facilitating genome editing. Wus2 and Bbm have been 
used for transient CRISPR/Cas9-mediated genome editing through particle 
bombardment (Svitashev et al., 2015), for RNP-mediated editing (Svitashev 
et al., 2016), and for FLP-mediated site-specific recombination (Bett et al., 2019). 
This has facilitated a range of genome modifications, from simple mutagenesis 
to oligo-based edits and targeted gene insertion (Svitashev et al., 2015, 2016). 
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Additionally, they have been deployed to facilitate a wide range of CRISPR/
Cas9-mediated changes in difficult maize inbreds (Chilcoat et al., 2017; Zhang 
et al., 2019). Similarly, Wus2 in conjunction with other morphogenic genes 
has been demonstrated to be effective for genome editing in N. benthamiana 
(Maher et al., 2020).

Two examples in maize highlight the benefit of using Wus2/Bbm for 
genome editing using immature embryos as the target explant. The first 
focused on using CRISPR/Cas9-mediated excision of the endogenous WAXY 
allele in 11 commercially important Pioneer inbreds that were otherwise 
recalcitrant to transformation (Gao et al., 2020). Both Stiff-Stalk and Non-Stiff-
Stalk inbreds, which hadn’t been previously transformed, were chosen based 
on their genetics as parents in commercial hybrids. When these inbreds were 
transformed using Wus2/Bbm plus Cas9 and gRNA expression cassettes, 
transformation frequencies (based on numbers of regenerated T0 plants 
relative to the number of starting embryos) for the 11 inbreds ranged from 
approximately 1% to 50% (Fig. 1a). Successful WAXY deletions were recovered 
in all genotypes at frequencies ranging from 6% to 16% (Fig. 1b), relative to 
the number of T0 plants analyzed. These results illustrate two important points. 
First, the use of Wus2/Bbm permitted the recovery of transgenic events in 
all 11 inbreds, although a 50-fold range of transformation frequencies was 
observed. Second, the Cas9/gRNA-mediated deletions were observed to 
span a much narrower range of frequencies (from 6% to 16%) independent of 
the transformation rate. For example, PH25KM and PH1VST were at opposite 
ends of the transformation spectrum (49.7% and 1.7%) but had similar deletion 
frequencies of 11% and 12.3%, respectively. This illustrates that there was no 
correlation between transformation efficiency and edit frequency (Pearson’s 
Correlation Coefficient, r  =  −0.21). Importantly, optimization of media 
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Figure 1  Transformation frequency (a) and WAXY deletion frequency (b) for plants 
recovered after delivery of a Ubiquitin-driven Cas9 and two U6-driven gRNAs, 
Axig1::WUS2, and PLTP::BBM (Gao et al., 2020).
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composition and selection (while still using the same Wus2/Bbm expression 
cassettes) has continued to improve transformation frequencies for inbred 
PH1VST from 1.7% to greater than 70% (Gordon-Kamm et al., unpublished 
result). 

The second example used CRISPR/Cas9 and Wus2/Bbm along with a donor 
template to replace the endogenous ARGOS8 promoter with a constitutive 
maize promoter (GOS2) in a Pioneer maize inbred. As predicted from earlier 
transgenic studies (Habben et al., 2014; Shi et al., 2015), precise exchange 
of the promoter resulted in enhanced grain yield under drought conditions 
(Shi et al., 2017). As with the deletion of an endogenous gene in 11 inbreds, 
this cisgenic edit was successful because of the optimization and combination 
of two complementary technologies (CRISPR/Cas9-mediated editing and 
Wus2/Bbm-assisted transformation). 

7 �Morphogenic genes permit transformation in non- 
traditional explants

For many years, the requirement of using immature embryos has rendered 
maize transformation unattainable for most academic labs (Altpeter 
et al., 2016), because maintaining a consistent supply of immature embryos 
is both expensive and labor intensive (Que et al., 2014). Recently a viable 
alternative has been developed, since Lowe et  al. (2016) demonstrated that 
Agrobacterium-mediated delivery of constitutively-expressed Wus2 and Bbm 
allows transformation of both mature embryo slices and seedling-derived leaf 
segments to efficiently produce fertile transgenic events. 

These alternative explants can also be used for genome editing. For example, 
a transgenic Pioneer Stiff-Stalk inbred that contained inducible Wus2/Bbm 
expression cassettes has been generated. When Wus2 and Bbm were induced 
by the addition of ethametsulfuron, somatic embryogenesis was stimulated 
in leaf tissue. Using this inducible Wus2/Bbm germplasm as the starting point 
for a new experiment, seedling-derived leaf tissue was then used as the target 
explant for particle bombardment. To further enhance morphogenesis (beyond 
that provided by inducible expression), plasmids containing constitutive Wus2 
and Bbm expression cassettes were co-delivered with Cas9 and gRNA, as 
well as the template DNA (containing a NPTII expression cassette). It should 
be noted that due to high levels of Wus2 and Bbm expression (inducible plus 
constitutive), selection using NPTII and G418 became less efficient, resulting 
in escape (wild type) plants being regenerated. However, three integration 
events were recovered from a total of 142 T0 plants that were regenerated and 
analyzed (Table 4). This result clearly shows that when Wus2/Bbm are used to 
aid the process, CRISPR/Cas9-mediated genome editing can be accomplished 
via leaf transformation. 
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A recent variation on using morphogenic genes to assist in gene editing 
has also been reported by Maher et  al. (2020). In this study, the authors 
introduced a geminiviral-based replicon directly into the wounded leaf axil 
after removal of the petiole in N. benthamiana. Replicons containing both Wus2 
and Ipt (isopentenyl transferase from Agrobacterium) expression cassettes 
stimulated growth of new shoots from the treated axils. The introduction 
of combinations of Wus2, STM (Shootmeristemless) and Ipt into the axillary 
region also stimulated the formation of transgenic meristem-like structures in 
tomato, and transgenic shoots arose from aseptically grown potato and grape 
cuttings. Furthermore, delivery of Cas9 and a gRNA targeting the phytoene 
desaturase gene (PDS) along with Wus2 and Ipt, generated uniformly white 
shoots characteristic of PDS mutagenesis, which in one case was transmitted to 
progeny. While still early in development, this study clearly shows the potential 
of combining morphogenic genes with CRISPR/Cas9 for further development 
of in planta genome editing. This is particularly encouraging, considering that 
axillary meristems have been an attractive transformation target (even when 
morphogenic genes are not used) for such diverse species as pear (Matsuda 
et al., 2005), grape (Fujita et al., 2009), crambe (Qi et al., 2014), soybean (Olhoft 
et al., 2007), and sugarcane (Mayavan et al., 2015).

8 �Future trends
Progress in plant genome editing can currently only be described as explosive, 
fueled by advances in many contributing areas. New CRISPR/Cas nucleases 
such as Cas12-based proteins with different PAM solutions are greatly 
increasing the potential flexibility of the system (e.g. Fonfara et al., 2014). 
Cas12-based type V and the Cas13-based type VI systems may also add to 
this versatility (Murugan et al., 2017). Recent development of the prime editing 
system, which relies on a Cas9 fusion with reverse transcriptase and a priming 
gRNA appears to be a potentially versatile and efficient genome modification 
system (Anzalone et al., 2019). In addition to genome modification per se, both 

Table 4 Recovery of G418-resistant T0 plants using four different levels of antibiotic selection. 
After PCR analysis of the total number of T0 plants for each treatment, the number of Homology-
Dependent Repair (HDR) events was determined first by a positive PCR result across both the 
upstream and downstream flanking recombination junctions (No. HDR), and subsequently 
using long-PCR across the entire insertion (No. Perfect HDR)

No. seedlings G418 (mg/l) No. T0 Plants No. HDR (PCR) No. Perfect HDR

8 150 46 1 0
8 200 34 0 0
9 250 38 4 3
9 300 24 0 0
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type II and type I systems continue to be optimized as transcriptional activators 
or repressors (Cheng et al., 2013; Gilbert et al., 2013; Farzadfard et al., 2013; 
Rath et al., 2015; Pickar-Oliver et al., 2019).

Robust transformation/regeneration methods remain a major bottleneck 
in genome editing processes, not only for agronomic crops in general (Altpeter 
et al., 2016), but also for forestry (Chang et al., 2018), temperate fruit/nut crops 
(Song et al., 2019), and tropical fruits (Gómez-Lim and Litz, 2004). Difficulties 
in genome editing applications can also be exacerbated in crops with added 
genomic complexity, whether through self-incompatibility and genomic 
heterozygosity (e.g., in pineapple, grape and apple), or due to polyploidy as 
in wheat, canola, and as an extreme example, sugarcane (Botella, 2019). Rapid 
advances in genomics such as Next-Generation Sequencing and BioNano (Mak 
et al., 2016) continue to help resolve the complexity of the genomes, making 
targeted genome modifications more feasible. 

Across species, Agrobacterium and physical delivery via particle 
bombardment are the current mainstays for crop genome editing, depending 
on the cargo and intended outcome. Agrobacterium is widely used for crops 
in which stably integrated T-DNA can later be segregated away. However, in 
cases of asexually or vegetatively propagated species where no transgene 
introduction is desired, particle gun delivery of RNPs has been successfully 
used in diverse species (Metje-Sprink et al., 2019). A resurgent interest in 
nanoparticle delivery may promise yet another rapid change in this landscape, 
permitting transient delivery of CRISPR/Cas9 components to recover non-
transgenic genome-edited plants (Wang et al., 2019). Using Agrobacterium-
mediated co-transformation for supplying morphogenic gene activity adds 
another tool for genome modification without integration of genes such as 
Wus2 (Hoerster et al., 2020).

Changes in plant transformation and regeneration methods are also 
accelerating. For an increasing number of historically recalcitrant dicots, the 
successful use of the mature embryonic axis in soybean has been emulated 
in other crops, for example in grape (Dutt et al., 2007), pigeon pea (Rao et al., 
2008), Camelia (Sitther et al., 2018), chickpea (Das Bhowmik et al., 2019), and 
cowpea (Che et al., 2019). For crops where the apical dome remains difficult to 
work with, the use of morphogenic genes is receiving increased attention and 
will continue to broaden the spectrum of plants that can successfully be edited. 
Using hormone biosynthesis or morphogenic genes to facilitate transformation 
has been reported by many groups (see Gordon-Kamm et al., 2019 for review). 
Recently, morphogenic genes have been seeing a resurgence of interest, 
and in addition to their use in producing transgenic plants (Lowe et al., 2016; 
Mookkan et al., 2017; Lowe et al., 2018), they are facilitating genome editing 
in both monocots (Svitashev et al., 2015, 2016; Zhang et al., 2019) and dicots 
(Maher et al., 2020). 
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In addition, the use of morphogenic genes can contribute to extending 
transformation/editing methods to an increasing range of difficult plant species. 
However, looking at how different species respond to morphogenic genes 
such as Wus2, Kn1, and Bbm (Gordon-Kamm et al., 2019) it becomes clear that 
there will probably be no universal single solution across crops. Instead, when 
trying to extend the use of morphogenic genes to a new crop, we would advise 
screening a handful of genes proven most promising in the literature (i.e. Wus2, 
Bbm, Kn1/STM, and Ipt), paying attention to select the most closely related 
ortholog possible (for plant genes), while also using optimal codon usage and 
promoter choices for the crop of interest. Once the optimal T-DNA has been 
constructed containing morphogenic gene(s) along with both a fluorescent and 
a selectable marker gene, this T-DNA can be used to optimize Agrobacterium 
infection and co-cultivation parameters (OD, temperature, media components, 
and duration) based on relative transient fluorescence levels, and then finally 
used to test different selection levels and timing.

As an alternative to reduce the complexity that accompanies in vitro 
organogenic or embryogenic culture methods, combining in planta 
Agrobacterium-mediated T-DNA delivery with morphogenic gene growth 
stimulation has recently been demonstrated for successful genome editing 
in tobacco (Maher et al., 2020) and has been proposed for more difficult 
species such as forestry crops (Nagle et al., 2019). Expanding on the concept 
of in planta transformation (or editing), combining this strategy with a non-
integrating Wus2 method (Hoerster et al., 2020) may prove crucial to in 
planta genome modification in long-life-cycle or asexually propagated crops. 
Continued development of such in planta strategies have great potential for 
simplifying and accelerating genome editing and may prove useful to a wide 
range of crops. 

Plant genome editing is complex, requiring the effective coordination of 
interdependent processes and mechanisms such as delivery method, cargo, 
target explant, and, if appropriate, the use of morphogenic genes to aid in the 
recovery of fertile plants. Recent progress across all technologies is providing 
exciting new options. How these options fit together in a successful protocol 
ultimately depends on the requirements of the crop species.

9 �Where to look for further information
CRISPR/Cas9-mediated genome editing in plants has become a widely 
publicized field, with far-ranging potential for the future of agriculture. However, 
genome editing per se represents only the tip of the technological iceberg. 
Below the surface, gene editing relies on the fundamentals and techniques 
of plant transformation, which is true for all plants. The component methods 
that have been combined to realize successful maize transformation thus 
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represent the often-underappreciated foundation of current successes. These 
component areas include establishing reliable culture systems, optimizing 
DNA delivery, selecting transgenic events, and finally regenerating plants that 
contain the desired edits. Some of the seminal supporting technologies have 
been developed across a range of species but nonetheless have ended up 
contributing to the current state of maize transformation. Understanding these 
foundational technologies can be very helpful when trying to comprehend how 
the field has developed and its current status.

For further reading, see the following articles on using Agrobacterium 
for DNA delivery (Gelvin, 2017), old and new alternatives for delivering DNA 
(Demirer and Landry, 2017), development of chemical and/or visible markers 
for selection (or screening) of transgenic events (Rosellini, 2012), technological 
advances that have contributed to maize transformation (Yadava et al., 2017), 
utilizing CRISPR/Cas9 in maize (Chilcoat et al., 2017), and development of 
commercial agronomic traits in maize (Que et al., 2014).

•• Chilcoat, D., Liu, Z. B. and Sander, J. (2017). Use of CRISPR/Cas9 for crop 
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Translational Science (Vol. 149, pp. 27–46). Academic Press.

•• Demirer, G. S. and Landry, M. P. (2017). Delivering genes to plants. Chemical 
Engineering Progress, 113(4) 40–45.

•• Gelvin, S. B. (2017). Integration of Agrobacterium T-DNA into the plant 
genome. Annual Review of Genetics, 51, 195–217.

•• Que, Q., Elumalai, S., Li, X., Zhong, H., Nalapalli, S., Schweiner, M., Fei, X., 
Nuccio, M., Kelliher, T., Gu, W. and Chen, Z. (2014). Maize transformation 
technology development for commercial event generation.  Frontiers in 
Plant Science 5, 379.

•• Rosellini, D. (2012). Selectable markers and reporter genes: a well 
furnished toolbox for plant science and genetic engineering.  Critical 
Reviews in Plant Sciences, 31(5), 401–453.

•• Yadava, P., Abhishek, A., Singh, R., Singh, I., Kaul, T., Pattanayak, A. and 
Agrawal, P. K. (2017). Advances in maize transformation technologies and 
development of transgenic maize. Frontiers in Plant Science, 7, 1949.

10 References
Ainley, W. M., Sastry-Dent, L., Welter, M. E., Murray, M. G., Zeitler, B., Amora, R., Corbin, 

D. R., Miles, R. R., Arnold, N. L., Strange, T. L., Simpson, M. A., Cao, Z., Carroll, C., 
Pawelczak, K. S., Blue, R., West, K., Rowland, L. M., Perkins, D., Samuel, P., Dewes, C. 
M., Shen, L., Sriram, S., Evans, S. L., Rebar, E. J., Zhang, L., Gregory, P. D., Urnov, F. D., 
Webb, S. R. and Petolino, J. F. (2013). Trait stacking via targeted genome editing. 
Plant Biotechnology Journal 11(9), 1126–1134.



﻿Strategies for CRISPR/Cas9-mediated genome editing22

Published by Burleigh Dodds Science Publishing Limited, 2021.

Ali, Z., Abul-faraj, A., Li, L., Ghosh, N., Piatek, M., Mahjoub, A., Aouida, M., Piatek, A., Baltes, 
N., Voytas, D., Dinesh-Kumar, S. and Mahfouz, M. (2015a). Efficient virus-mediated 
genome editing in plants using the CRISPR/Cas9 uystem. Molecular Plant 8(8), 
1288–1291.

Ali, Z., Abul-Faraj, A., Piatek, M. and Mahfouz, M. M. (2015b). Activity and specificity of TRV-
mediated gene editing in plants. Plant Signaling and Behavior 10(10), e1044191.

Ali, Z., Eid, A., Ali, S. and Mahfouz, M. M. (2018). Pea early-browning virus-mediated 
genome editing via the CRISPR/Cas9 system in Nicotiana benthamiana and 
Arabidopsis. Virus Research 244, 333–337.

Altpeter, F., Baisakh, N., Beachy, R., Bock, R., Capell, T., Christou, P., Daniell, H., Datta, 
K., Datta, S., Dix, P. J., Fauquet, C., Huang, N., Kohli, A., Mooibroek, H., Nicholson, 
L., Nguyen, T. T., Nugent, G., Raemakers, K., Romano, A., Somers, D. A., Stoger, E., 
Taylor, N. and Visser, R. (2005). Particle bombardment and the genetic enhancement 
of crops: myths and realities. Molecular Breeding 15(3), 305–327.

Altpeter, F., Springer, N. M., Bartley, L. E., Blechl, A. E., Brutnell, T. P., Citovsky, V., Conrad, 
L. J., Gelvin, S. B., Jackson, D. P., Kausch, A. P., Lemaux, P. G., Medford, J. I., Orozco-
Cárdenas, M. L., Tricoli, D. M., Van Eck, J., Voytas, D. F., Walbot, V., Wang, K., Zhang, 
Z. J. and Stewart, C. N. (2016). Advancing crop transformation in the era of genome 
editing. Plant Cell 28(7), 1510–1520.

Anand, A., Bass, S. H., Wu, E., Wang, N., McBride, K. E., Annaluru, N., Miller, M., Hua, M. and 
Jones, T. J. (2018). An improved ternary vector system for Agrobacterium-mediated 
rapid maize transformation. Plant Molecular Biology 97(1–2), 187–200.

Anand, A., Wu, E., Li, Z., TeRonde, S., Arling, M., Lenderts, B., Mutti, J. S., Gordon-Kamm, 
W., Jones, T. J. and Chilcoat, N. D. (2019). High efficiency Agrobacterium-mediated 
site-specific gene integration in maize utilizing the FLP-FRT recombination system. 
Plant Biotechnology Journal 17(8), 1636–1645.

Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy, J. M., Chen, 
P. J., Wilson, C., Newby, G. A., Raguram, A. and Liu, D. R. (2019). Search-and-replace 
genome editing without double-strand breaks or donor DNA. Nature 576(7785), 
149–157.

Baltes, N. J., Gil-Humanes, J., Cermak, T., Atkins, P. A. and Voytas, D. F. (2014). DNA 
replicons for plant genome engineering. The Plant Cell 26(1), 151–163.

Banno, H., Ikeda, Y., Niu, Q. W. and Chua, N. H. (2001). Overexpression of Arabidopsis 
ESR1 induces initiation of shoot regeneration. The Plant Cell 13(12), 2609–2618.

Barton, K. A., Binns, A. N., Matzke, A. J. M. and Chilton, M. (1983). Regeneration of intact 
tobacco plants containing full length copies of genetically engineered T-DNA, and 
transmission of T-DNA to R1 progeny. Cell 32(4), 1033–1043.

Baset, A., Finch, R. P. and Cocking, E. C. (1991). Plant regeneration from protoplasts of 
wild rice (Oryza rufipogon Griff.). Plant Cell Reports 10(4), 200–203.

Benson, E. E. and Roubelakis-Angelakis, K. A. (1994). Oxidative stress in recalcitrant tissue 
cultures of grapevine. Free Radical Biology and Medicine 16(3), 355–362.

Bett, B., Gollasch, S., Moore, A., James, W., Armstrong, J., Walsh, T., Harding, R. and 
Higgins, T. J. (2017). Transgenic cowpeas (Vigna unguiculata L. Walp) expressing 
Bacillus thuringiensis Vip3Ba protein are protected against the Maruca pod borer 
(Maruca vitrata). Plant Cell, Tissue and Organ Culture (PCTOC) 131(2), 335–345.

Bett, B., Gollasch, S., Moore, A., Harding, R. and Higgins, T. J. V. (2019). An improved 
transformation system for cowpea (Vigna unguiculata L. Walp) via sonication and a 
kanamycin-geneticin selection regime. Frontiers in Plant Science 10, 219.



Published by Burleigh Dodds Science Publishing Limited, 2021.

Strategies for CRISPR/Cas9-mediated genome editing﻿ 23

Bevan, M. (1984). Binary Agrobacterium vectors for plant transformation. Nucleic Acids 
Research 12, 8711–8721.

Bhowmik, P., Ellison, E., Polley, B., Bollina, V., Kulkarni, M., Ghanbarnia, K., Song, H., Gao, 
C., Voytas, D. F. and Kagale. S. (2018). Targeted mutagenesis in wheat microspores 
using CRISPR/Cas9. Scientific Reports 8(1), 1–10.

Binding, H., Nehls, R., Schieder, O., Sopory, S. K. and Wenzel, G. (1978). Regeneration 
of mesophyll protoplasts isolated from dihaploid clones of Solanum tuberosum. 
Physiologia Plantarum 43(1), 52–54.

Bittencourt, P. A. L., Csányi, Á. and Jenes, B. (1995). Evaluation of different parameters and 
their influence on the PEG (polyethylene glycol) mediated gene transfer into rice 
(Oryza sativa L.) protoplasts. Cereal Research Communications 23, 359–365.

Botella, J. R. (2019). Now for the hard ones: is there a limit on CRISPR genome editing in 
crops? Journal of Experimental Botany 70(3), 734–737.

Boutilier, K., Offringa, R., Sharma, V. K., Kieft, H., Ouellet, T., Zhang, L., Hattori, J., Liu, C. 
M., van Lammeren, A. A., Miki, B.L. and Custers, J. B. (2002). Ectopic expression of 
BABY BOOM triggers a conversion from vegetative to embryonic growth. The Plant 
Cell 14(8), 1737–1749.

Brew-Appiah, R. A., Ankrah, N., Liu, W., Konzak, C. F., von Wettstein, D. and Rustgi, S. 
(2013). Generation of doubled haploid transgenic wheat lines by microspore 
transformation. PLoS ONE 8(11), e80155.

Butler, N. M., Baltes, N. J., Voytas, D. F. and Douches, D. S. (2016). Geminivirus-mediated 
genome editing in potato (Solanum tuberosum L.) using sequence-specific 
nucleases. Frontiers in Plant Science 7, 1045, doi​.org​/10​.3389​/fpls​.2016​.0​1045.

Caplan, A., Herrera-Estrella, L., Inzé, D., Van Haute, E., Van Montagu, M., Schell, J. and 
Zambryski, P. (1983). Introduction of genetic material into plant cells. Science 
222(4625), 815–821.

Cardoza, V. and Stewart, C. N. (2003). Increased Agrobacterium-mediated transformation 
and rooting efficiencies in canola (Brassica napus L.) from hypocotyl segment 
explants. Plant Cell Reports 21(6), 599–604.

Čermák, T., Baltes, N. J., Čegan, R., Zhang, Y. and Voytas, D. F. (2015). High-frequency, 
precise modification of the tomato genome. Genome Biology 16(1), 232, doi​.org​/10​
.1186​/s13059​-015​-07​96​-9.

Chang, S., Mahon, E. L., MacKay, H. A., Rottmann, W. H., Strauss, S. H., Pijut, P. M., Powell, 
W. A., Coffey, V., Lu, H., Mansfield, S.D and Jones, T. J. (2018). Genetic engineering 
of trees: progress and new horizons. In Vitro Cellular & Developmental Biology-Plant 
54(4), 341–376.

Chaudhury, D., Madanpotra, S., Jaiwal, R., Saini, R., Kumar, P. A. and Jaiwal, P. K. (2007). 
Agrobacterium tumefaciens-mediated high frequency genetic transformation of an 
Indian cowpea (Vigna unguiculata L. Walp.) cultivar and transmission of transgenes 
into progeny. Plant Science 172(4), 692–700.

Che, P., Anand, A., Wu, E., Sander, J. D., Simon, M. K., Zhu, W., Sigmund, A. L., Zastrow-
Hayes, G., Miller, M., Liu, D., Lawit, S. J., Zhao, Z. Y., Albertsen, M. C. and Jones, T. 
J. (2018). Developing a flexible, high-efficiency Agrobacterium-mediated sorghum 
transformation system with broad application. Plant Biotechnology Journal 16(7), 
1388–1395. https://doi​.org​/10​.1111​/pbi​.12879

Che, P., Chang, S., Simon, M. K., Zhang, Z., Shaharyar, A., Ourada, J., O’Neill, D., Torres-
Mendoza, M., Guo, Y., Marasigan, K. M. and Vielle-Calzada, J. P. (2019). Developing 

http://dx.doi.org/doi.org/10.3389/fpls.2016.01045
http://dx.doi.org/doi.org/10.1186/s13059-015-0796-9
http://dx.doi.org/doi.org/10.1186/s13059-015-0796-9
http://dx.doi.org/https://doi.org/10.1111/pbi.12879


﻿Strategies for CRISPR/Cas9-mediated genome editing24

Published by Burleigh Dodds Science Publishing Limited, 2021.

a rapid and highly efficient cowpea regeneration and transformation system using 
embryonic axis explants. BioRxiv, 738971.

Chen, K., Wang, Y., Zhang, R., Zhang, H. and Gao, C. (2019). CRISPR/Cas genome editing 
and precision plant breeding in agriculture. Annual Review of Plant Biology 70, 
667–697.

Cheng, A. W., Wang, H., Yang, H., Shi, L., Katz, Y., Theunissen, T. W., Rangarajan, S., Shivalila, 
C. S., Dadon, D. B. and Jaenisch, R. (2013). Multiplexed activation of endogenous 
genes by CRISPR-on, an RNA-guided transcriptional activator system. Cell Research 
23(10), 1163–1171.

Chilcoat, D., Liu, Z. B. and Sander, J. (2017). Use of CRISPR/Cas9 for crop improvement in 
maize and soybean. In Progress in Molecular Biology and Translational Science (Vol. 
149, pp. 27–46). Academic Press.

Chupeau, M. -C., Granier, F., Pichon, O., Renou, J. -P., Gaudin, V. and Chupeau, Y. (2013). 
Characterization of the early events leading to totipotency in an Arabidopsis 
protoplast liquid culture by temporal transcript profiling. The Plant Cell 25(7), 
2444–2463.

Clough, S. J. and Bent, A. F. (1998). Floral dip: a simplified method for Agrobacterium- 
mediated transformation of Arabidopsis thaliana. The Plant Journal 16(6), 735–743.

Cocking, E. C. (1960). A method for the isolation of plant protoplasts and vacuoles. Nature 
187(4741), 962–963.

Cody, W. B. and Scholthof, H. B. (2019). Plant virus vectors 3.0: transitioning into synthetic 
genomics. Annual Review of Phytopathology 57(1), 211–230.

Cody, W. B., Scholthof, H. B. and Mirkov, T. E. (2017). Multiplexed gene editing and 
protein overexpression using a tobacco mosaic virus viral vector. Plant Physiology 
175(1), 23–35.

Côte, F. X., Teisson, C. and Perrier, X. (2001). Somaclonal variation rate evolution in plant 
tissue culture: contribution to understanding through a statistical approach. In Vitro 
Cellular & Developmental Biology-Plant 37(5), 539–542.

Curtin, S. J., Zhang, F., Sander, J. D., Haun, W. J., Starker, C., Baltes, N. J., Reyon, D., 
Dahlborg, E. J., Goodwin, M. J., Coffman, A. P., Dobbs, D., Joung, K. J., Voytas, D. F. 
and Stupar, R. M. (2011). Targeted mutagenesis of duplicated genes in soybean with 
zinc-finger nucleases. Plant physiology 156(2), 466–473.

Das Bhowmik, S. S., Cheng, A. Y., Long, H., Tan, G. Z. H., Hoang, T. M. L., Karbaschi, M. R., 
William. B., Higgins, T.J. and Mundree, S. G. (2019). Robust genetic transformation 
system to obtain non-chimeric transgenic chickpea. Frontiers in Plant Science 10, 
524.

Davey, M. R., Anthony, P., Power, J. B. and Lowe, K. C. (2005). Plant protoplasts: status and 
biotechnological perspectives. Biotechnology Advances 23(2), 131–171.

Debernardi, J. M., Tricoli, D. M., Ercoli, M. F., Hayta, S., Ronald, P., Palatnik, J. F. and 
Dubcovsky, J. (2020). A chimera including a GROWTH-REGULATING FACTOR 
(GRF) and its cofactor GRF-INTERACTING FACTOR (GIF) increases transgenic plant 
regeneration efficiency. bioRxiv. doi​.org​/10​.1101​/2020​.08​.23​​.263905

De Block, M. (1988). Genotype-independent leaf disc transformation of potato (Solanum 
tuberosum) using Agrobacterium tumefaciens. Theoretical and Applied Genetics 
76(5), 767–774.

de Marco, A. and Roubelakis-Angelakis, K. A. (1996). The complexity of enzymic control 
of hydrogen peroxide concentration may affect the regeneration potential of plant 
protoplasts. Plant Physiology 110(1), 137–145.

http://doi.org/10.1101/2020.08.23.263905


Published by Burleigh Dodds Science Publishing Limited, 2021.

Strategies for CRISPR/Cas9-mediated genome editing﻿ 25

de Pater, S., Neuteboom, L. W., Pinas, J. E., Hooykaas, P. J. and van der Zaal, B. J. (2009). ZFN-
induced mutagenesis and gene-targeting in Arabidopsis through Agrobacterium-
mediated floral dip transformation. Plant Biotechnology Journal 7(8), 821–835.

de Pater, S., Pinas, J. E., Hooykaas, P. J. and van der Zaal, B. J. (2013). ZFN-mediated 
gene targeting of the Arabidopsis protoporphyrinogen oxidase gene through 
Agrobacterium-mediated floral dip transformation. Plant Biotechnology Journal 
11(4), 510–515.

Delporte, F., Jacquemin, J. M., Masson, P. and Watillon, B. (2012). Insights into the 
regenerative property of plant cells and their receptivity to transgenesis: wheat as a 
research case study. Plant Signaling & Behavior 7(12), 1608–1620.

Demirer, G., Zhang, H., Goh, N., Chang, R. and Landry, M. (2019a). Nanotubes effectively 
deliver siRNA to intact plant cells and protect siRNA against nuclease degradation. 
BioRxiv. https://doi​.org​/10​.1101​/564427.

Demirer, G. S., Zhang, H., Matos, J. L., Goh, N. S., Cunningham, F. J., Sung, Y., Chang, 
R., Aditham, A. J., Chio, L., Cho, M., Staskawicz, B. and Landry, M. P. (2019b). High 
aspect ratio nanomaterials enable delivery of functional genetic material without 
DNA integration in mature plants. Nature Nanotechnology 14(5), 456–464.

Demorest, Z. L., Coffman, A., Baltes, N. J., Stoddard, T. J., Clasen, B. M., Luo, S., Retterath, 
A., Yabandith, A., Gamo, M. E., Bissen, J., Mathis, L., Voytas, D. F. and Zhang, F. (2016). 
Direct stacking of sequence-specific nuclease-induced mutations to produce high 
oleic and low linolenic soybean oil. BMC Plant Biology 16(1):225.

Deng, W., Luo, K., Li, Z. and Yang, Y. (2009). A novel method for induction of plant 
regeneration via somatic embryogenesis. Plant Science 177(1), 43–48.

D’Halluin, K., Bonne, E., Bossut, M. and Leemans, J. (1992). Transgenic maize plants by 
tissue electroporation. The Plant Cell 4(12), 1495–1505.

Dlugosz, E. M., Lenaghan, S. C. and Stewart, C. N., Jr. (2016). A robotic platform for 
high-throughput protoplast isolation and transformation. Journal of Visualized 
Experiments 115, e54300.

Du, X., Fang, T., Liui, Y., Huang, L., Zang, M., Wang, G., Liu, Y. and Fu, J. (2019). Transcriptome 
profiling predicts new genes to promoter maize callus formation and transformation. 
Frontiers in Plant Science 10, 1633, doi:10.3389/fpls.2019.01633.

Durfee, P. N., Lin, Y. S., Dunphy, D. R., Muñiz, A. J., Butler, K. S., Humphrey, K. R., Lokke, 
A.J., Agola, J.O., Chou, S. S., Chen, I.M. and Wharton, W. (2016). Mesoporous silica 
nanoparticle-supported lipid bilayers (protocells) for active targeting and delivery to 
individual leukemia cells. ACS Nano 10(9), 8325–8345.

Dutt, M., Li, Z. T., Dhekney, S. A. and Gray, D. J. (2007). Transgenic plants from shoot apical 
meristems of Vitis vinifera L.“Thompson Seedless” via Agrobacterium-mediated 
transformation. Plant Cell Reports 26(12), 2101–2110.

Ebinuma, H., Sugita, K., Matsunaga, E. and Yamakado, M. (1997). Selection of marker-
free transgenic plants using the isopentenyl transferase gene. Proceedings of the 
National Academy of Sciences 94(6), 2117–2121.

Eeckhaut, T., Lakshmanan, P. S., Deryckere, D., Van Bockstaele, E. and Van Huylenbroeck, 
J. (2013). Progress in plant protoplast research. Planta 238(6), 991–1003.

Elhiti, M., Tahir, M., Gulden, R. H., Khamiss, K. and Stasolla, C. (2010). Modulation of 
embryo-forming capacity in culture through the expression of Brassica genes 
involved in the regulation of the shoot apical meristem. Journal of Experimental 
Botany 61(14), 4069–4085.

http://dx.doi.org/https://doi.org/10.1101/564427
http://dx.doi.org/10.3389/fpls.2019.01633


﻿Strategies for CRISPR/Cas9-mediated genome editing26

Published by Burleigh Dodds Science Publishing Limited, 2021.

Farzadfard, F., Perli, S. D. and Lu, T. K. (2013). Tunable and multifunctional eukaryotic 
transcription factors based on CRISPR/Cas. ACS Synthetic Biology 2(10), 604–613.

Feng, Z., Zhang, B., Ding, W., Liu, X., Yang, D., Wei, P., Cao, F., Zhu, S., Zhang, F., Mao, Y. and 
Zhu, J. (2013). Efficient genome editing in plants using a CRISPR/Cas system. Cell 
Research 23(10), 1229–1232.

Fisk, H. J. and Dandekar, A. M. (2004). Electroporation: introduction and expression of 
transgenes in plant protoplasts. In: Peña, L. (Ed.) Transgenic Plants: Methods and 
Protocols. Totowa, NJ: Humana Press, 79–90.

Fonfara, I., Le Rhun, A., Chylinski, K., Makarova, K. S., Lécrivain, A., Bzdrenga, J., 
Koonin, E. V. and Charpentier, E. (2014). Phylogeny of Cas9 determines functional 
exchangeability of dual-RNA and Cas9 among orthologous type II CRISPR-Cas 
systems. Nucleic Acids Research 42(4), 2577–2590.

Forner, J., Pfeiffer, A., Langenecker, T., Manavella, P. and Lohmann, J. U. (2015). Germline-
transmitted genome editing in Arabidopsis thaliana using TAL-effector-nucleases. 
PLoS ONE 10(3), e0121056.

Fromm, M., Taylor, L. P. and Walbot, V. (1985). Expression of genes transferred into 
monocot and dicot plant cells by electroporation. Proceedings of the National 
Academy of Sciences 82(17), 5824–5828.

Fujita, K., Matsuoka, T., Suzuki, S. and Takayanagi, T. (2009). In planta transformation 
technique for grapevines (Vitis vinifera L) using dormant buds. Journal of Plant 
Biochemistry and Biotechnology 18(2), 161–167.

Furuhata, Y., Sakai, A., Murakami, T., Morikawa, M., Nakamura, C., Yoshizumi, T., Fujikura, 
U., Nishida, K. and Kato, Y. (2019). A method using electroporation for the protein 
delivery of Cre recombinase into cultured Arabidopsis cells with an intact cell wall. 
Scientific Reports 9(1), 2163.

Gao, H., Gadlage, M. J., Lafitte, H. R., Lenderts, B., Yang, M., Schroder, M., Farrell, J., Snopek, 
K., Peterson, D., Feigenbutz, L., Jones, S., St Clair, G., Rahe, M., Sanyour-Doyel, N., 
Peng, C., Wang, L., Young, J. K., Beatty, M., Dahlke, B., Hazebroek, J., Greene, T. W., 
Cigan, A. M., Chilcoat, N. D. and Meeley, R. B. (2020). Superior field performance 
of waxy corn engineered using CRISPR-Cas9. Nature Biotechnology 38(5), 579–581.

Gao, H., Smith, J., Yang, M., Jones, S., Djukanovic, V., Nicholson, M. G., West, A., Bidney, 
D., Falco, S. C., Jantz, D. and Lyznik, L. A. (2010). Heritable targeted mutagenesis in 
maize using a designed endonuclease. The Plant Journal: For Cell and Molecular 
Biology 61(1), 176–187.

Gao, J., Wang, G., Ma, S., Xie, X., Wu, X., Zhang, X., Wu, Y., Zhao, P. and Xia, Q. (2015). 
CRISPR/Cas9-mediated targeted mutagenesis in Nicotiana tabacum. Plant Molecular 
Biology 87(1–2), 99–110.

Gelvin, S. B. (2003). Agrobacterium-mediated plant transformation: the biology behind 
the “gene-jockeying” tool. Microbiology and Molecular Biology Reviews 67(1), 
16–37.

Gelvin, S. B. (2017). Integration of Agrobacterium T-DNA into the plant genome. Annual 
Review of Genetics 51, 195–217.

Gilbert, L. A., Larson, M. H., Morsut, L., Liu, Z., Brar, G. A., Torres, S. E., Stern-Ginossar, N., 
Brandman, O., Whitehead, E. H., Doudna, J. A., Lim, W. A., Weissman, J. S. and Qi, 
L. S. (2013). CRISPR-mediated modular RNA-guided regulation of transcription in 
eukaryotes. Cell 154(2), 442–451.

Gil-Humanes, J., Wang, Y., Liang, Z., Shan, Q., Ozuna, C. V., Sánchez-León, S., Baltes, N. J., 
Starker, C., Barro, F., Gao, C. and Voytas, D. F. (2017). High-efficiency gene targeting 



Published by Burleigh Dodds Science Publishing Limited, 2021.

Strategies for CRISPR/Cas9-mediated genome editing﻿ 27

in hexaploid wheat using DNA replicons and CRISPR/Cas9. The Plant Journal 89(6), 
1251–1262.

Gleba, Y., Marillonnet, S. and Klimyuk, V. (2004). Engineering viral expression vectors for 
plants: the ‘full virus’ and the ‘deconstructed virus’ strategies. Current Opinion in 
Plant Biology 7(2), 182–188.

Gómez-Lim, M. A. and Litz, R. E. (2004). Genetic transformation of perennial tropical fruits. 
In Vitro Cellular and Developmental Biology—Plant 40(5), 442–449.

Gordon-Kamm, B., Sardesai, N., Arling, M., Lowe, K., Hoerster, G., Betts, S., & Jones, 
T. (2019). Using morphogenic genes to improve recovery and regeneration of 
transgenic plants. Plants 8(2), 38, doi​.org​/10​.3390​/plants80200​38.

Grimsley, N., Hohn, T., Davies, J. W. and Hohn, B. (1987). Agrobacterium-mediated delivery 
of infectious maize streak virus into maize plants. Nature 325(6100), 177–179.

Grzebelus, E., Szklarczyk, M., Greń, J., Śniegowska, K., Jopek, M., Kacińska, I. and Mrożek, 
K. (2012). Phytosulfokine stimulates cell divisions in sugar beet (Beta vulgaris L.) 
mesophyll protoplast cultures. Plant Growth Regulation 67(1), 93–100.

Habben, J. E., Bao, X., Bate, N. J., DeBruin, J. L., Dolan, D., Hasegawa, D., Helentjaris, T. 
G., Lafitte, R. H., Lovan, N., Mo, H., Reimann, K. and Schussler, J. R. (2014). Transgenic 
alteration of ethylene biosynthesis increases grain yield in maize under field 
drought-stress conditions. Plant Biotechnology Journal 12(6), 685–693.

Hamada, H., Liu, Y., Nagira, Y., Miki, R., Taoka, N. and Imai, R. (2018). Biolistic-delivery-
based transient CRISPR/Cas9 expression enables in planta genome editing in 
wheat. Scientific Reports 8(1), 14422.

Hanley-Bowdoin, L., Settlage, S. B., Orozco, B. M., Nagar, S and Robertson, D. (1999). 
Geminiviruses: models for plant DNA replication, transcription, and cell cycle 
regulation. Critical Reviews in Plant Sciences 18(1), 71–106.

Hansen, G., Das, A. and Chilton, M. D. (1994). Constitutive expression of the virulence 
genes improves the efficiency of plant transformation by Agrobacterium. 
Proceedings of the National Academy of Sciences of the United States of America 
91(16), 7603–7607.

Harding, E. W., Tang, W., Nichols, K. W., Fernandez, D. E. and Perry, S. E. (2003). Expression 
and maintenance of embryogenic potential is enhanced through constitutive 
expression of AGAMOUS-LIKE15. Plant Physiology 133(2), 653–663.

Hatanaka, T., Choi, Y. E., Kusano, T. and Sano, H. (1999). Transgenic plants of coffee Coffea 
canephora from embryogenic callus via Agrobacterium tumefaciens-mediated 
transformation. Plant Cell Reports 19(2), 106–110.

Haun, W., Coffman, A., Clasen, B. M., Demorest, Z. L., Lowy, A., Ray, E., Retterath, A., 
Stoddard, T., Juillerat, A., Cedrone, F., Mathis, L., Voytas, D. F. and Zhang, F. (2014). 
Improved soybean oil quality by targeted mutagenesis of the fatty acid desaturase 
2 gene family. Plant Biotechnology Journal 12(7), 934–940.

Hauptmann, R. M., Ozias-Akins, P., Vasil, V., Tabaeizadeh, Z., Rogers, S. G., Horsch, R. B., 
Vasil, I. K. and Fraley, R. T. (1987). Transient expression of electroporated DNA in 
monocotyledonous and dicotyledonous species. Plant Cell Reports 6(4), 265–270.

Heidmann, I., de Lange, B., Lambalk, J., Angenent, G. C. and Boutilier, K. (2011). Efficient 
sweet pepper transformation mediated by the BABY BOOM transcription factor. 
Plant Cell Reports 30(6), 1107–1115. 

Hiei, Y., Ohta, S., Komari, T. and Kumashiro, T. (1994). Efficient transformation of rice (Oryza 
sativa L.) mediated by Agrobacterium and sequence analysis of the boundaries of 
the T-DNA. The Plant Journal: For Cell and Molecular Biology 6(2), 271–282.

http://dx.doi.org/doi.org/10.3390/plants8020038


﻿Strategies for CRISPR/Cas9-mediated genome editing28

Published by Burleigh Dodds Science Publishing Limited, 2021.

Hiei, Y., Ishida, Y. and Komari, T. (2014). Progress of cereal transformation technology 
mediated by Agrobacterium tumefaciens. Frontiers in Plant Science, 5.

Hoekema, A., Hirsch, P. R., Hooykaas, P. J. and Schilperoort, R. A. (1983). A binary plant 
vector strategy based on separation of vir-and T-region of the Agrobacterium 
tumefaciens Ti-plasmid. Nature 303(5913), 179–180.

Hoerster, G., Wang, N., Ryan, L., Wu, E., Anand, A., McBride, K., Lowe, K., Jones, T. and 
Gordon-Kamm, B. (2020). Use of non-integrating Zm-Wus2 vectors to enhance 
maize transformation. In Vitro Cellular and Developmental Biology—Plant 56(3), 
265–279.

Hong, H. P., Zhang, H., Olhoft, P., Hill, S., Wiley, H., Toren, E., Hillebrand, H., Jones, T. 
and Cheng, M. (2007). Organogenic callus as the target for plant regeneration 
and transformation via Agrobacterium in soybean (Glycine max (L.) Merr.). In Vitro 
Cellular & Developmental Biology-Plant 43(6), 558–568.

Honig, A., Marton, I., Rosenthal, M., Smith, J., Nicholson, M., Jantz, D., Zuker, A. and 
Vainstein, A. (2015). Transient expression of virally delivered meganuclease in planta 
generates inherited genomic deletions. Molecular Plant 8(8), 1292–1294.

Hood, E. E., Gelvin, S. B., Melchers, L. S. and Hoekema, A. (1993). New Agrobacterium 
helper plasmids for gene transfer to plants. Transgenic Research 2(4), 208–218.

Hu, D., Bent, A. F., Hou, X. and Li, Y. (2019a). Agrobacterium-mediated vacuum infiltration 
and floral dip transformation of rapid-cycling Brassica rapa. BMC Plant Biology 19(1), 
246.

Hu, J., Li, S., Li, Z., Li, H., Song, W., Zhao, H., Lai, J., Xia, L., Li, D. and Zhang, Y. (2019b). 
A barley stripe mosaic virus-based guide RNA delivery system for targeted 
mutagenesis in wheat and maize. Molecular Plant Pathology 20(10), 1463–1474.

Hu, Q., Andersen, S. B. and Hansen, L. N. (1999). Plant regeneration capacity of mesophyll 
protoplasts from Brassica napus and related species. Plant Cell, Tissue and Organ 
Culture 59(3), 189–196.

Ibrahim, A., Odon, V. and Kormelink, R. (2019). Plant viruses in plant molecular pharming: 
toward the use of enveloped viruses. Frontiers in Plant Science 10, 803, doi:10.3389/
fpls.2019.00803.

Ishida, Y., Saito, H., Ohta, S., Hiei, Y., Komari, T. and Kumashiro, T. (1996). High efficiency 
transformation of maize (Zea mays L.) mediated by Agrobacterium tumefaciens. 
Nature Biotechnology 14(6), 745–750.

Ishii, S. (1988). Factors influencing protoplast viability of suspension-cultured rice cells 
during isolation process. Plant Physiology 88(1), 26–29.

Jacobs, T. B., LaFayette, P. R., Schmitz, R. J. and Parrott, W. A. (2015). Targeted genome 
modifications in soybean with CRISPR/Cas9. BMC Biotechnology 15(1), 1–10.

Jiang, N., Zhang, C., Liu, J.-Y., Guo, Z., Zhang, Z., Han, C. and Wang, Y. (2019). Development 
of beet necrotic yellow vein virus-based vectors for multiple-gene expression and 
guide RNA delivery in plant genome editing. Plant Biotechnology Journal 17(7), 
1302–1315.

Jones, T., Lowe, K., Hoerster, G., Anand, A., Wu, E., Wang, N., Arling, M., Lenderts, B. and 
Gordon-Kamm, W. (2019). Maize transformation using the morphogenic genes Baby 
Boom and Wuschel2. In Transgenic Plants (pp. 81–93). Humana Press, New York, NY.

Jones, T. J. (2009). Maize tissue culture and transformation: the first 20 years. In Molecular 
Genetic Approaches to Maize Improvement (pp. 7–27). Springer, Berlin, Heidelberg.

Kanchiswamy, C. N. (2016). DNA-free genome editing methods for targeted crop 
improvement. Plant Cell Reports 35(7), 1469–1474.

http://dx.doi.org/10.3389/fpls.2019.00803
http://dx.doi.org/10.3389/fpls.2019.00803


Published by Burleigh Dodds Science Publishing Limited, 2021.

Strategies for CRISPR/Cas9-mediated genome editing﻿ 29

Kao, K. N. and Michayluk, M. R. (1980). Plant regeneration from mesophyll protoplasts of 
alfalfa. Zeitschrift für Pflanzenphysiologie 96(2), 135–141.

Kiełkowska, A. and Adamus, A. (2012). An alginate-layer technique for culture of Brassica 
oleracea L. protoplasts. In Vitro Cellular and Developmental Biology—Plant 48(2), 
265–273.

Kim, S., Kim, D., Cho, S. W., Kim, J. and Kim, J. -S. (2014). Highly efficient RNA-guided 
genome editing in human cells via delivery of purified Cas9 ribonucleoproteins. 
Genome Research 24(6), 1012–1019.

Klein, T. M., Wolf, E. D., Wu, R. and Sanford, J. C. (1987). High-velocity microprojectiles for 
delivering nucleic acids into living cells. Nature 327(6117), 70–73.

Kofer, W., Koop, H. -U., Wanner, G. and Steinmüller, K. (1998). Mutagenesis of the 
genes encoding subunits A, C, H, I, J and K of the plastid NAD(P)H-plastoquinone-
oxidoreductase in tobacco by polyethylene glycol-mediated plastome 
transformation. Molecular and General Genetics MGG 258(1–2), 166–173.

Kong, J., Martin-Ortigosa, S., Finer, J., Orchard, N., Gunadi, A., Batts, L. A., Thakare, D., 
Rush, B., Schmitz, O., Stuiver, M. and Olhoft, P. and Pacheco-Villalobos, D. (2020). 
Overexpression of the transcription factor GROWTH-REGULATING FACTOR5 
improves transformation of dicot and monocot species. Frontiers in plant science, 
11, 1389.

Komari, T. (1990). Transformation of cultured cells of Chenopodium quinoa by binary 
vectors that carry a fragment of DNA from the virulence region of pTiBo542. Plant 
Cell Reports 9, 303–306.

Koornneef, M., Hanhart, C. J. and Martinelli, L. (1987). A genetic analysis of cell culture 
traits in tomato. Theoretical and Applied Genetics 74(5), 633–641.

Krens, F. A., Molendijk, L., Wullems, G. J. and Schilperoort, R. A. (1982). In vitro 
transformation of plant protoplasts with Ti-plasmid DNA. Nature 296(5852), 72–74.

Krishnamurthy, K. V., Suhasini, K., Sagare, A. P., Meixner, M., de Kathen, A., Pickardt, T. 
and Schieder, O. (2000). Agrobacterium mediated transformation of chickpea (Cicer 
arietinum L.) embryo axes. Plant Cell Reports 19(3), 235–240.

Kyo, M., Maida, K., Nishioka, Y. and Matsui, K. (2018). Coexpression of WUSCHEL related 
homeobox (WOX) 2 with WOX8 or WOX9 promotes regeneration from leaf 
segments and free cells in Nicotiana tabacum L. Plant Biotechnology 35(1), 23–30.

Kwak, S. Y., Lew, T. T. S., Sweeney, C. J., Koman, V. B., Wong, M. H., Bohmert-Tatarev, K., 
Snell, K. D., Seo, J. S., Chua, N. H. and Strano, M. S. (2019). Chloroplast-selective 
gene delivery and expression in planta using chitosan-complexed single-walled 
carbon nanotube carriers. Nature Nanotechnology 14(5), 447–455.

Lazo, G. R., Stein, P. A. and Ludwig, R. A. (1991). A DNA transformation–competent 
Arabidopsis genomic library in Agrobacterium. Bio/Technology 9(10), 963–967.

Li, J. F., Norville, J. E., Aach, J., McCormack, M., Zhang, D., Bush, J., Church, G.M. and 
Sheen, J. (2013). Multiplex and homologous recombination–mediated genome 
editing in Arabidopsis and Nicotiana benthamiana using guide RNA and Cas9. 
Nature Biotechnology 31(8), 688–691.

Li, T., Liu, B., Spalding, M. H., Weeks, D. P. and Yang, B. (2012). High-efficiency TALEN-
based gene editing produces disease-resistant rice. Nature Biotechnology 30(5), 
390–392.

Li, Z., Burow, M. D. and Murai, N. (1990). High frequency generation of fertile transgenic 
rice plants after PEG-mediated protoplast transformation. Plant Molecular Biology 
Reporter 8(4), 276–291.



﻿Strategies for CRISPR/Cas9-mediated genome editing30

Published by Burleigh Dodds Science Publishing Limited, 2021.

Li, Z., Liu, Z. B., Xing, A., Moon, B. P., Koellhoffer, J. P., Huang, L., Ward, R. T., Clifton, E., 
Falco, S. C. and Cigan, A. M. (2015). Cas9-guide RNA directed genome editing in 
soybean. Plant Physiology 169(2), 960–970.

Li, Z., Xing, A., Moon, B. P., McCardell, R. P., Mills, K. and Falco, S. C. (2009). Site-specific 
integration of transgenes in soybean via recombinase-mediated DNA cassette 
exchange. Plant Physiology 151(3), 1087–1095.

Liang, Z., Chen, K., Li, T., Zhang, Y., Wang, Y., Zhao, Q., Liu, J., Zhang, H., Liu, C., Ran, Y. and 
Gao, C. (2017). Efficient DNA-free genome editing of bread wheat using CRISPR/
Cas9 ribonucleoprotein complexes. Nature Communications 8(1), 14261.

Liang, Z., Zhang, K., Chen, K. and Gao, C. (2014). Targeted mutagenesis in Zea mays using 
TALENs and the CRISPR/Cas system. Journal of Genetics and Genomics = Yi Chuan 
Xue Bao 41(2), 63–68.

Lin, C. S., Hsu, C. T., Yang, L. H., Lee, L. Y., Fu, J. Y., Cheng, Q. W., Wu, F. H., Hsiao, H. C., Zhang, 
Y., Zhang, R., Chang, W. J., Yu, C. T., Wang, W., Liao, L. J., Gelvin, S. B. and Shih, M. 
C. (2018). Application of protoplast technology to CRISPR/Cas9 mutagenesis: from 
single-cell mutation detection to mutant plant regeneration. Plant Biotechnology 
Journal 16(7), 1295–1310.

Lin, S., Staahl, B. T., Alla, R. K. and Doudna, J. A. (2014). Enhanced homology-directed 
human genome engineering by controlled timing of CRISPR/Cas9 delivery. eLife 3, 
e04766, doi:10.7554/eLife.04766.

Liu, J., Nannas, N. J., Fu, F. F., Shi, J., Aspinwall, B., Parrott, W. A. and Dawe, R. K. (2019). 
Genome-scale sequence disruption following biolistic transformation in rice and 
maize. The Plant Cell 31(2), 368–383.

Lloyd, A., Plaisier, C. L., Carroll, D. and Drews, G. N. (2005). Targeted mutagenesis using 
zinc-finger nucleases in Arabidopsis. Proceedings of the National Academy of 
Sciences 102(6), 2232–2237.

Lotan, T., Ohto, M. A., Yee, K. M., West, M. A., Lo, R., Kwong, R. W., Yamagishi, K., Fischer, 
R.L., Goldberg, R.B. and Harada, J. J. (1998). Arabidopsis LEAFY COTYLEDON1 
is sufficient to induce embryo development in vegetative cells. Cell 93(7), 1195 
–1205.

Lowe, K., La Rota, M., Hoerster, G., Hastings, C., Wang, N., Chamberlin, M., Wu, E., 
Jones, T. and Gordon-Kamm, W. (2018). Rapid genotype “independent” Zea mays 
L. (maize) transformation via direct somatic embryogenesis. In Vitro Cellular and 
Developmental Biology—Plant 54(3), 240–252. 

Lowe, K., Wu, E., Wang, N., Hoerster, G., Hastings, C., Cho, M., Scelonge, C., Lenderts, B., 
Chamberlin, M., Cushatt, J., Wang, L., Ryan, L., Khan, T., Chow-Yiu, J., Hua, W., Yu, M., 
Banh, J., Bao, Z., Brink, K., Igo, E., Rudrappa, B., Shamseer, P., Bruce, W., Newman, 
L., Shen, B., Zheng, P., Bidney, D., Falco, C., Register, J., Zhao, Z., Xu, D., Jones, T. 
and Gordon-Kamm, W. (2016). Morphogenic regulators Baby boom and Wuschel 
improve monocot transformation. Plant Cell 28(9), 1998–2015.

Lutz, K. A., Martin, C., Khairzada, S. and Maliga, P. (2015). Steroid-inducible BABY BOOM 
system for development of fertile Arabidopsis thaliana plants after prolonged tissue 
culture. Plant Cell Reports 34(10), 1849–1856.

Maas, C. and Werr, W. (1989). Mechanism and optimized conditions for PEG mediated 
DNA transfection into plant protoplasts. Plant Cell Reports 8(3), 148–151.

Maher, M. F., Nasti, R. A., Vollbrecht, M., Starker, C. G., Clark, M. D. and Voytas, D. F. (2020). 
Plant gene editing through de novo induction of meristems. Nature Biotechnology 
38(1), 84–89.

http://dx.doi.org/10.7554/eLife.04766


Published by Burleigh Dodds Science Publishing Limited, 2021.

Strategies for CRISPR/Cas9-mediated genome editing﻿ 31

Maheshwari, P. and Kovalchuk, I. (2016). Agrobacterium-mediated stable genetic 
transformation of Populus angustifolia and Populus balsamifera. Frontiers in Plant 
Science 7, 296, doi:10.3389/fpls.2016.00296.

Mak, A. C., Lai, Y. Y., Lam, E. T., Kwok, T. P., Leung, A. K., Poon, A., Mostovoy, Y., Hastie, A. R., 
Stedman, W., Anantharaman, T., Andrews, W., Zhou, X., Pang, A. W., Dai, H., Chu, C., Lin, 
C., Wu, J. J., Li, C. M., Li, J. W., Yim, A. K., Chan, S., Sibert, J., Džakula, Ž, Cao, H., Yiu, S. M., 
Chan, T. F., Yip, K. Y., Xiao, M. and Kwok, P. Y. (2016). Genome-wide structural variation 
detection by genome mapping on nanochannel arrays. Genetics 202(1), 351–362.

Malzahn, A., Lowder, L. and Qi, Y. (2017). Plant genome editing with TALEN and CRISPR. 
Cell and Bioscience 7(1), 21.

Marillonnet, S., Giritch, A., Gils, M., Kandzia, R., Klimyuk, V. and Gleba, Y. (2004). In planta 
engineering of viral RNA replicons: efficient assembly by recombination of DNA 
modules delivered by Agrobacterium. Proceedings of the National Academy of 
Sciences of the United States of America 101(18), 6852–6857.

Martin-Ortigosa, S., Valenstein, J. S., Lin, V. S.-Y., Trewyn, B. G. and Wang, K. (2012). 
Gold functionalized mesoporous silica nanoparticle mediated protein and DNA 
codelivery to plant cells via the biolistic method. Advanced Functional Materials 
22(17), 3576–3582.

Marton, I., Zuker, A., Shklarman, E., Zeevi, V., Tovkach, A., Roffe, S., Ovadis, M., Tzfira, T. 
and Vainstein, A. (2010). Nontransgenic genome modification in plant cells. Plant 
Physiology 154(3), 1079–1087.

Matsuda, N., Gao, M., Isuzugawa, K., Takashina, T. and Nishimura, K. (2005). Development 
of an Agrobacterium-mediated transformation method for pear (Pyrus communis L.) 
with leaf-section and axillary shoot-meristem explants. Plant Cell Reports 24(1), 45–51.

Mayavan, S., Subramanyam, K., Jaganath, B., Sathish, D., Manickavasagam, M. and 
Ganapathi, A. (2015). Agrobacterium-mediated in planta genetic transformation of 
sugarcane setts. Plant Cell Reports 34(10), 1835–1848.

Metje-Sprink, J., Menz, J., Modrzejewski, D. and Sprink, T. (2019). DNA-free genome 
editing: past, present and future. Frontiers in Plant Science 9, 1957, doi:10.3389/
fpls.2018.01957.

Meurer, C. A., Dinkins. R. D., and Collins, G. B. (1998). Factors affecting soybean 
cotyledonary node transformation. Plant Cell Reports 18(3–4), 180–186.

Mookkan, M., Nelson-Vasilchik, K., Hague, J., Zhang, Z. J. and Kausch, A. P. (2017). 
Selectable marker independent transformation of recalcitrant maize inbred B73 
and sorghum P898012 mediated by morphogenic regulators BABY BOOM and 
WUSCHEL2. Plant Cell Reports 36(9), 1477–1491.

Moore, G. A., Jacono, C. C., Neidigh, J. L., Lawrence, S. D. and Cline, K. (1992). 
Agrobacterium-mediated transformation of citrus stem segments and regeneration 
of transgenic plants. Plant Cell Reports 11–11(5–6), 238–242.

Mórocz, S., Donn, G., Nérneth, J. and Dudits, D. (1990). An improved system to obtain 
fertile regenerants via maize protoplasts isolated from a highly embryogenic 
suspension culture. TAG. Theoretical and Applied Genetics. Theoretische und 
Angewandte Genetik 80(6), 721–726.

Murovec, J., Guček, K., Bohanec, B., Avbelj, M. and Jerala, R. (2018). DNA-Free 
genome editing of Brassica oleracea and B. rapa protoplasts using CRISPR-Cas9 
ribonucleoprotein complexes. Frontiers in Plant Science 9, 1594, doi:10.3389/
fpls.2018.01594.

http://dx.doi.org/10.3389/fpls.2016.00296
http://dx.doi.org/10.3389/fpls.2018.01957
http://dx.doi.org/10.3389/fpls.2018.01957
http://dx.doi.org/10.3389/fpls.2018.01594
http://dx.doi.org/10.3389/fpls.2018.01594


﻿Strategies for CRISPR/Cas9-mediated genome editing32

Published by Burleigh Dodds Science Publishing Limited, 2021.

Murugan, K., Babu, K., Sundaresan, R., Rajan, R. and Sashital, D. G. (2017). The revolution 
continues: newly discovered systems expand the CRISPR-Cas toolkit. Molecular Cell 
68(1), 15–25.

Nagle, M., Déjardin, A., Pilate, G. and Strauss, S. H. (2019). Opportunities for innovation in 
genetic transformation of forest trees. Frontiers in Plant Science 9, 1443, doi:10.3389/
fpls.2018.01443

Nakajima, I., Sato, Y., Saito, T., Moriguchi, T. and Yamamoto, T. (2013). Agrobacterium-
mediated genetic transformation using cotyledons in Japanese pear (Pyrus pyrifolia). 
Breeding Science 63(3), 275–283.

Niedz, R. P. (2006). Regeneration of somatic embryos from sweet orange (C. sinensis) 
protoplasts using semi-permeable membranes. Plant Cell, Tissue and Organ Culture 
84(3), 353–357.

Niedz, R. P., McKendree, W. L. and Shatters, R. C. (2003). Electroporation of embryogenic 
protoplasts of sweet orange (Citrus sinensis (L.) Osbeck) and regeneration of 
transformed plants. In Vitro Cellular and Developmental Biology—Plant 39(6), 586–594.

Olhoft, P. M., Bernal, L. M., Grist, L. B., Hill, D. S., Mankin, S. L., Shen, Y., Kalogerakis, M., Wiley, 
H., Toren, E., Song, H., Hillebrand, H. and Jones, T. (2007). A novel Agrobacterium 
rhizogenes-mediated transformation method of soybean [Glycine max (L.) Merrill] 
using primary-node explants from seedlings. In Vitro Cellular and Developmental 
Biology—Plant 43(6), 536–549.

Ooms, G., Hooykaas, P. J., Moolenaar, G. and Schilperoort, R. A. (1981). Crown gall plant 
tumors of abnormal morphology, induced by Agrobacterium tumefaciens carrying 
mutated octopine Ti plasmids; analysis of T-DNA functions. Gene 14(1–2), 33–50.

Papadakis, A. K., Paschalidis, K. A. and Roubelakis-Angelakis, K. A. (2005). Biosynthesis 
profile and endogenous titers of polyamines differ in totipotent and recalcitrant 
plant protoplasts. Physiologia Plantarum 125(1), 10–20.

Papadakis, A. K., Siminis, C. I. and Roubelakis-Angelakis, K. A. (2001). Reduced activity 
of antioxidant machinery is correlated with suppression of totipotency in plant 
protoplasts. Plant Physiology 126(1), 434–444.

Park, J., Choi, S., Park, S., Yoon, J., Park, A. Y. and Choe, S. (2019). DNA-free genome 
editing via ribonucleoprotein (RNP) delivery of CRISPR/Cas in lettuce. In: Qi, Y. (Ed.) 
Plant Genome Editing with CRISPR Systems: Methods and Protocols. New York, NY: 
Springer, 337–354.

Parrott, W. A., Hoffman, L. M., Hildebrand, D. F., Williams, E. G. and Collins, G. B. (1989). 
Recovery of primary transformants of soybean. Plant Cell Reports 7(8), 615–617.

Paszkowski, J., Shillito, R. D., Saul, M., Mandák, V., Hohn, T., Hohn, B. and Potrykus, I. (1984). 
Direct gene transfer to plants. The EMBO Journal 3(12), 2717–2722.

Pati, P. K., Sharma, M. and Ahuja, P. S. (2005). Extra thin alginate film: an efficient technique 
for protoplast culture. Protoplasma 226(3–4), 217–221.

Paz, M. M., Martinez, J. C., Kalvig, A. B., Fonger, T. M. and Wang, K. (2006). Improved 
cotyledonary node method using an alternative explant derived from mature seed 
for efficient Agrobacterium-mediated soybean transformation. Plant Cell Reports 
25(3), 206–213.

Pérez-Pascual, D., Jiménez-Guillen, D., Villanueva-Alonzo, H., Souza-Perera, R., Godoy-
Hernández, G. and Zúñiga-Aguilar, J. J. (2018). Ectopic expression of the Coffea 
canephora SERK1 homolog-induced differential transcription of genes involved in 
auxin metabolism and in the developmental control of embryogenesis. Physiologia 
Plantarum 163(4), 530–551.

http://dx.doi.org/10.3389/fpls.2018.01443
http://dx.doi.org/10.3389/fpls.2018.01443


Published by Burleigh Dodds Science Publishing Limited, 2021.

Strategies for CRISPR/Cas9-mediated genome editing﻿ 33

Pickar-Oliver, A., Black, J. B., Lewis, M. M., Mutchnick, K. J., Klann, T. S., Gilcrest, K. 
A., Sitton, M. J., Nelson, C. E., Barrera, A., Bartelt, L. C., Reddy, T. E., Beisel, C. L., 
Barrangou, R. and Gersbach, C. A. (2019). Targeted transcriptional modulation 
with type I CRISPR–Cas systems in human cells. Nature Biotechnology 37(12), 
1493–1501.

Pigeaire, A., Abernethy, D., Smith, P. M., Simpson, K., Fletcher, N., Lu, C. Y., Atkins, C. A. 
and Cornish, E. (1997). Transformation of a grain legume (Lupinus angustifolius L.) 
via Agrobacterium tumefaciens-mediated gene transfer to shoot apices. Molecular 
Breeding 3(5), 341–349.

Popelka, J. C., Gollasch, S., Moore, A., Molvig, L. and Higgins, T. J. (2006). Genetic 
transformation of cowpea (Vigna unguiculata L.) and stable transmission of the 
transgenes to progeny. Plant Cell Reports 25(4), 304–312.

Power, J. B. and Cocking, E. C. (1970). Isolation of leaf protoplasts: macromolecule uptake 
and growth substance response. Journal of Experimental Botany 21(1), 64–70.

Puchta, H., Dujon, B. and Hohn, B. (1996). Two different but related mechanisms are 
used in plants for the repair of genomic double-strand breaks by homologous 
recombination. Proceedings of the National Academy of Sciences 93(10), 5055–5560.

Qi, W., Tinnenbroek-Capel, I. E., Schaart, J. G., Huang, B., Cheng, J., Visser, R. G., Van 
Loo, E. N. and Krens, F. A. (2014). Regeneration and transformation of Crambe 
abyssinica. BMC plant biology 14(1), 235.

Que, Q., Elumalai, S., Li, X., Zhong, H., Nalapalli, S., Schweiner, M., Fei, X., Nuccio, M., 
Kelliher, T., Gu, W., Chen, Z. and Chilton, M. D. (2014). Maize transformation 
technology development for commercial event generation.  Frontiers in plant 
science 5, 379.

 Que, Q., Chilton, M. D. M., Elumalai, S., Zhong, H., Dong, S. and Shi, L. (2019). Repurposing 
macromolecule delivery tools for plant genetic modification in the era of precision 
genome engineering. In: Kumar, S., Barone, P. and Smith, M. (Eds) Transgenic Plants: 
Methods and Protocols. New York, NY: Springer, 3–18.

Rao, K. V., Rathore, K. S. and Hodges, T. K. (1995). Physical, chemical and physiological 
parameters for electroporation-mediated gene delivery into rice protoplasts. 
Transgenic Research 4(6), 361–368.

Rao, K. S., Sreevathsa, R., Sharma, P. D., Keshamma, E. and Kumar, M. U. (2008). In planta 
transformation of pigeon pea: a method to overcome recalcitrancy of the crop 
to regeneration in vitro.  Physiology and Molecular Biology of Plants  14(4), 321 
–328.

Rath, D., Amlinger, L., Hoekzema, M., Devulapally, P. R. and Lundgren, M. (2015). Efficient 
programmable gene silencing by Cascade. Nucleic Acids Research 43(1), 237–246.

Raveendar, S. and Ignacimuthu, S. (2010). Improved Agrobacterium Mediated 
Transformation in Cowpea Vigna unguiculata L. Walp.  Asian Journal of Plant 
Sciences 9(5), 256.

Rhodes, C. A., Lowe, K. S. and Ruby, K. L. (1988). Plant regeneration from protoplasts 
isolated from embryogenic maize cell cultures. Nature Biotechnology 6(1), 56–60.

Rouan, D., Montané, M. -H., Alibert, G. and Teissiè, J. (1991). Relationship between 
protoplast size and critical field strength in protoplast electropulsing and application 
to reliable DNA uptake in Brassica. Plant Cell Reports 10(3), 139–143.

Sanford, J. C. (2000). The development of the biolistic process. In Vitro Cellular and 
Developmental Biology—Plant 36(5), 303–308.



﻿Strategies for CRISPR/Cas9-mediated genome editing34

Published by Burleigh Dodds Science Publishing Limited, 2021.

Sardesai, N. and Subramanyam, S. (2018). Agrobacterium: a genome-editing tool-delivery 
system. In: Gelvin, S. B. (Ed.) Agrobacterium Biology. Cham: Springer, 463–488.

Saunders, J. A., Lin, C. H., Hou, B. H., Cheng, J., Tsengwa, N., Lin, J. J., Smith, C. R., McIntosh, 
M. S. and Van Wert, S. (1995). Rapid optimization of electroporation conditions for 
plant cells, protoplasts, and pollen. Molecular Biotechnology 3(3), 181–190.

Seaberg, B. L., Hsieh, Y. C., Scholthof, K. B. G. and Scholthof, H. B. (2012). Host impact 
on the stability of a plant virus gene vector as measured by a new fluorescent local 
lesion passaging assay. Journal of Virological Methods 179(2), 289–294.

Shepard, J. F. and Totten, R. E. (1977). Mesophyll cell protoplasts of potato: isolation, 
proliferation, and plant regeneration. Plant Physiology 60(2), 313–316.

Shi, J., Gao, H., Wang, H., Lafitte, H. R., Archibald, R. L., Yang, M., Hakimi, S. M., Mo, H. and 
Habben, J. E. (2017). ARGOS8 variants generated by CRISPR-Cas9 improve maize 
grain yield under field drought stress conditions. Plant Biotechnology Journal 15(2), 
207–216.

Shi, J., Habben, J. E., Archibald, R. L., Drummond, B. J., Chamberlin, M. A., Williams, R. W., 
Lafitte, H. R. and Weers, B. P. (2015). Overexpression of ARGOS genes modifies plant 
sensitivity to ethylene, leading to improved drought tolerance in both Arabidopsis 
and maize. Plant Physiology 169(1), 266–282.

Shillito, R. D., Saul, M. W., Paszkowski, J., Müller, M. and Potrykus, I. (1985). High efficiency 
direct gene transfer to plants. Nature Biotechnology 3(12), 1099–1103.

Shires, M. E., Florez, S. L., Lai, T. S. and Curtis, W. R. (2017). Inducible somatic 
embryogenesis in Theobroma cacao achieved using the DEX-activatable 
transcription factor-glucocorticoid receptor fusion. Biotechnology Letters 39(11), 
1747–1755.

Shukla, V. K., Doyon, Y., Miller, J. C., DeKelver, R. C., Moehle, E. A., Worden, S. E., Mitchell, 
J. C., Arnold, N. L., Gopalan, S., Meng, X., Choi, V. M., Rock, J. M., Wu, Y., Katibah, G. 
E., Zhifang, G., McCaskill, D., Simpson, M. A., Blakeslee, B., Greenwalt, S. A., Butler, H. 
J., Hinkley, S. J., Zhang, L., Rebar, E. J., Gregory, P. D. and Urnov, F. D. (2009). Precise 
genome modification in the crop species Zea mays using zinc-finger nucleases. 
Nature 459(7245), 437–441.

Sidorov, V., Gilbertson, L., Addae, P. and Duncan, D. (2006). Agrobacterium-mediated 
transformation of seedling-derived maize callus. Plant Cell Reports 25(4), 320–328.

Sitther, V., Tabatabai, B., Enitan, O. and Dhekney, S. (2018). Agrobacterium-mediated 
transformation of Camelina sativa for production of transgenic plants.  Journal of 
Biological Methods 5(1).

Song, G. Q., Prieto, H. and Orbovic, V. (2019). Agrobacterium-mediated transformation 
of tree fruit crops: methods, progress, and challenges. Frontiers in Plant Science 10, 
226, doi:10.3389/fpls.2019.00226.

Srivastava, V. and Ow, D. W. (2002). Biolistic mediated site-specific integration in rice. 
Molecular Breeding 8(4), 345–349.

Stone, S. L., Kwong, L. W., Yee, K. M., Pelletier, J., Lepiniec, L., Fischer, R. L., Goldberg, R. B. 
and Harada, J. J. (2001). LEAFY COTYLEDON2 encodes a B3 domain transcription 
factor that induces embryo development. Proceedings of the National Academy of 
Sciences 98(20), 11806–11811.

Subburaj, S., Chung, S. J., Lee, C., Ryu, S. M., Kim, D. H., Kim, J. S., Bae, S. and Lee, G. J. 
(2016). Site-directed mutagenesis in Petunia× hybrida protoplast system using direct 
delivery of purified recombinant Cas9 ribonucleoproteins. Plant Cell Reports 35(7), 
1535–1544.

http://dx.doi.org/10.3389/fpls.2019.00226


Published by Burleigh Dodds Science Publishing Limited, 2021.

Strategies for CRISPR/Cas9-mediated genome editing﻿ 35

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

Svitashev, S., Ananiev, E., Pawlowski, W. P. and Somers, D. A. (2000). Association of 
transgene integration sites with chromosome rearrangements in hexaploid oat. 
Theoretical and Applied Genetics 100(6), 872–880.

Svitashev, S., Schwartz, C., Lenderts, B., Young, J. K. and Cigan, A. M. (2016). Genome 
editing in maize directed by CRISPR-Cas9 ribonucleoprotein complexes. Nature 
Communications 7(1), 1–7.

Svitashev, S., Young, J. K., Schwartz, C., Gao, H., Falco, S. C. and Cigan, A. M. (2015). 
Targeted mutagenesis, precise gene editing, and site-specific gene insertion in 
maize using Cas9 and guide RNA. Plant Physiology 169(2), 931–945.

Svitashev, S. K., Pawlowski, W. P., Makarevitch, I., Plank, D. W. and Somers, D. A. (2002). 
Complex transgene locus structures implicate multiple mechanisms for plant 
transgene rearrangement. The Plant Journal 32(4), 433–445.

Takebe, I., Labib, G. and Melchers, G. (1971). Regeneration of whole plants from isolated 
mesophyll protoplasts of tobacco. Naturwissenschaften 58(6), 318–320.

Takebe, I., Otsuki, Y. and Aoki, S. (1968). Isolation of tobacco mesophyll cells in intact and 
active state. Plant and Cell Physiology 9(1), 115–124.

Thakare, D., Tang, W., Hill, K. and Perry, S. E. (2008). The MADS-domain transcriptional 
regulator AGAMOUS-LIKE15 promotes somatic embryo development in Arabidopsis 
and soybean. Plant Physiology 146(4), 1663–1672. 

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

Torney, F., Trewyn, B. G., Lin, V. S. -Y. and Wang, K. (2007). Mesoporous silica nanoparticles 
deliver DNA and chemicals into plants. Nature Nanotechnology 2(5), 295–300.

Uchimiya, H. and Murashige, T. (1974). Evaluation of parameters in the isolation of viable 
protoplasts from cultured tobacco cells. Plant Physiology 54(6), 936–944.

Von Klercker, J. (1892). A method for isolating living protoplasts. Ofvers Vetensk. Akad. 
Forh. Stockholm 49, 463.

Wan, Y., Widholm, J. M. and Lemaux, P. G. (1995). Type I callus as a bombardment target 
for generating fertile transgenic maize (Zea mays L.). Planta 196(1), 7–14.

Wang, J. W., Grandio, E. G., Newkirk, G. M., Demirer, G. S., Butrus, S., Giraldo, J. P. 
and Landry, M. P. (2019). Nanoparticle-mediated genetic engineering of plants. 
Molecular Plant 12(8), 1037–1040.

Wang, M., Lu, Y., Botella, J. R., Mao, Y., Hua, K. and Zhu, J. (2017). Gene targeting by 
homology-directed repair in rice using a geminivirus-based CRISPR/Cas9 system. 
Molecular Plant 10(7), 1007–1010.

Wang, X., Niu, Q. W., Teng, C., Li, C., Mu, J., Chua, N. H. and Zuo, J. (2009). Overexpression 
of PGA37/MYB118 and MYB115 promotes vegetative-to-embryonic transition in 
Arabidopsis. Cell Research 19(2), 224–235.

Woo, J. W., Kim, J., Kwon, S. I., Corvalán, C., Cho, S. W., Kim, H., Kim, S., Kim, S., Choe, S. 
and Kim, J. (2015). DNA-free genome editing in plants with preassembled CRISPR-
Cas9 ribonucleoproteins. Nature Biotechnology 33(11), 1162–1164.

Wright, D. A., Townsend, J. A., Winfrey Jr., R. J., Irwin, P. A., Rajagopal, J., Lonosky, P. M., Hall, B. 
D., Jondle, M. D. and Voytas, D. F. (2005). High-frequency homologous recombination 
in plants mediated by zinc-finger nucleases. The Plant Journal 44(4), 693–705.



﻿Strategies for CRISPR/Cas9-mediated genome editing36

Published by Burleigh Dodds Science Publishing Limited, 2021.

Xie, K. and Yang, Y. (2013). RNA-guided genome editing in plants using a CRISPR–Cas 
system. Molecular Plant 6(6), 1975–1983.

Xu, R.-F., Li, H., Qin, R.-Y., Li, J., Qiu, C., Yang, Y., Ma, H., Li, L., Wei, P. and Yang, J. (2015). 
Generation of inheritable and “transgene clean” targeted genome-modified rice 
in later generations using the CRISPR/Cas9 system. Scientific Reports 5(1), 11491, 
doi:10.1038/srep11491.

Xu, Z.-H. and Xue, H.-W. (1999). Plant regeneration from cultured protoplasts. In: Soh, 
W.-Y. and Bhojwani, S. S. (Eds) Morphogenesis in Plant Tissue Cultures. Dordrecht, 
Netherlands: Springer, 37–70.

Yan, B., Reddy, M. S., Collins, G. B. and Dinkins, R. D. (2000). Agrobacterium tumefaciens–
mediated transformation of soybean [Glycine max (L.) Merrill.] using immature 
zygotic cotyledon explants. Plant Cell Reports 19(11), 1090–1097.

Yang, Z., Li, C., Wang, Y., Zhang, C., Wu, Z., Zhang, X., Liu, C. and Li, F. (2014). GhAGL15s, 
preferentially expressed during somatic embryogenesis, promote embryogenic 
callus formation in cotton (Gossypiumhirsutum L.). Molecular Genetics and 
Genomics: MGG 289(5), 873–883.

Yin, K., Han, T., Liu, G., Chen, T., Wang, Y., Yu, A. Y. and Liu, Y. (2015). A geminivirus-based 
guide RNA delivery system for CRISPR/Cas9 mediated plant genome editing. 
Scientific Reports 5, 14926.

Zhang, F., Maeder, M. L., Unger-Wallace, E., Hoshaw, J. P., Reyon, D., Christian, M., Li, 
X., Pierick, C. J., Dobbs, D., Peterson, T., Joung, J. K. and Voytas, D. F. (2010). High 
frequency targeted mutagenesis in Arabidopsis thaliana using zinc finger nucleases. 
Proceedings of the National Academy of Sciences 107(26), 12028–12033.

Zhang, Q., Zhang, Y., Lu, M. H., Chai, Y., Jiang, Y., Zhou, Y., Wang, X. and Chen, Q. (2019). A 
novel ternary vector system united with morphogenic genes enhances CRISPR/Cas 
delivery in maize. Plant Physiology 181(4), 1441–1448.

Zhang, Y., Liang, Z., Zong, Y., Wang, Y., Liu, J., Chen, K., Qiu, J. L. and Gao, C. (2016). 
Efficient and transgene-free genome editing in wheat through transient expression 
of CRISPR/Cas9 DNA or RNA. Nature Communications 7, 12617.

Zhao, T., Wang, Z., Su, L., Sun, X., Cheng, J., Zhang, L., Karunga, S. K., Han, Y., Li, S. and Xin, 
H. (2017). An efficient method for transgenic callus induction from Vitis amurensis 
petiole. PLoS ONE 12(6), e0179730.

Zuo, J., Niu, Q. W., Frugis, G. and Chua, N. H. (2002). The WUSCHEL gene promotes 
vegetative-to-embryonic transition in Arabidopsis. The Plant Journal 30(3), 349–359.

http://dx.doi.org/10.1038/srep11491

	1 Introduction
	2 Delivery of genome editing components into plant cells
	3 Delivery methods for genome editing reagents: delivery into single cells
	4 Delivery methods for genome editing reagents: delivery into intact tissues
	5 Alternatives to DNA delivery
	6 Morphogenic genes increase transformation efficiency and extend genotype range
	7 Morphogenic genes permit transformation in non-traditional explants
	8 Future trends
	9 Where to look for further information
	10 References



