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1. � INTRODUCTION

The improvement of crop traits has been an ongoing practice since plant domestication. A conventional breeding technique 
utilizes an available pool of natural genetic variation combined with extensive backcrossing to introduce traits into an elite 
background. The existence of valuable alleles in nature and the inability to introduce traits selectively limit the outcome of 
this approach.

The discovery of X-ray mutagenesis in the 1920s [1,2] has initiated the development of mutation breeding for the artificial 
introduction of new traits in crops of interest. In the process, the mutagenized population of plants was screened using forward 
genetic approaches for the direct identification of specific phenotypes. This method has a significant drawback because most 
of the random mutations are recessive, and the polyploidy of crop species can mask any phenotypic effects resulted from a 
given sequence mutation [3]. The lack of technology to target mutations to predefined positions in the genome also impeded 
the utilization of reverse genetic screening for a fast and efficient linkage between a gene and a phenotype. Hence, further 
progress of plant biotechnology and breeding necessitates the discovery of new tools for targeted genetic engineering.

Genetic engineering is an umbrella term that covers a precise modification of the genome by means of the targeted inser-
tion, replacement, or editing of the selected locus/loci (Fig. 12.1). Historically, homologous recombination (HR) was the 
method of choice to achieve gene targeting (GT) in model organisms [4]. Efficient HR in eukaryotes has been overall limited 
to yeast, chicken DT40 cells, mouse embryonic stem (ES) cells, and moss Physcomitrella patens (reviewed in Refs. [5,6]). At 
the dawn of plant biotechnology, a major impediment to genetic engineering in vascular plants was the limited frequencies of 
HR ranging from 10−4 to 10−6 (reviewed in Ref. [7]). The implementation of positive/negative selection markers [8,9] and the 
labor-intensive screening of the generated transgenic plants had to be performed to identify putative GT events in the plant 
population [7]. The pioneer studies on the utilization of a rare cutting yeast enzyme I-Sce-I in plants and animals have revealed 
that the cleavage of DNA at the artificially created endogenous position increases the rate of HR and GT events by 1000 folds 
or more at this locus [10–13]. Most of the DNA double-strand breaks (DSBs) in plants are repaired through the error-prone 
nonhomologous end joining (NHEJ) pathway that results in the introduction of insertion/deletions at the cut site [14]. This 
natural effect is utilized to produce lines with the desired gene knockouts in a time- and cost-efficient manner.
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The generation of targeted DSBs requires a protein or nucleoprotein complex that can be designed to bind to any 
sequence of interest [15]. A fusion of a programmable DNA-binding motif to the nonspecific endonuclease domain 
allows for a precise introduction of DSBs at the preselected positions [16]. In the late 1990s, the first artificial endo-
nucleases appeared on the horizon that set a stage for the rapid development of novel enzymes with a specific cleav-
age activity called the designed or engineered endonucleases. Currently, four types of engineered nucleases are used 
for genome editing: engineered homing endonucleases/meganucleases (EMNs), zinc-finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated 9 (Cas9). All of them have been successfully used in plants to introduce modifications 
at the predefined positions in the genome. Nevertheless, challenges with the design, verification, and prohibitive 
licensing fees associated with some of the engineered endonucleases made their utilization less frequent as compared 
to other endonucleases. In particular, as of 2016, TALENs and CRISPR/Cas9 are the most widely used technologies 
in plants [17]. In this chapter, we provide a brief overview of the current status of the genome-editing technology in 
plants using the designed endonucleases and the future perspective of the possible technology application in plant 
genetic engineering.

2. � ZINC FINGER NUCLEASES FOR GENOME ENGINEERING OF PLANTS

The Cys2–His2 zinc-finger motif is one of the most common types of DNA-binding domains present in eukaryotes. In addi-
tion, it is observed in almost half of transcription factors in humans [18–20]. The invention of ZFNs was a gradual process 
that included deciphering the interaction of zinc-finger motifs with DNA and the examination of the most efficient strategy 
of fusion of a DNA-binding domain to the nonspecific endonuclease FokI (Fig. 12.2). The FokI protein is a type II restric-
tion enzyme produced by Flavobacterium okeanokoites [21]. The N-terminal end of the protein is a DNA-binding motif, 
and the C-terminal end acts as a nonspecific cleavage domain. Upon binding to its target sequence and in the presence of 
divalent metal ions, the FokI enzyme dimerizes [22]. The FokI nonspecific cleavage domain is also used in chimeric endo-
nucleases, such as ZFNs, TALENs, and in the specialized CRISPR/dCas9 enzymes.

A single zinc-finger unit consists of three or four binding modules, and each module recognizes a nucleotide (nt) triplet. 
Two ZFN monomers can bind to the unique 18–24 bp-long sequences spaced by a 5–6 bp gap between them. Upon FokI 
dimerization, DSB is created with 4–5 bp 5′-overhangs [23]. Since the first demonstration of the yellow gene disruption in 
a fruit fly in 2002 [24], various ZFNs have been applied for genome editing in a number of plants, including Arabidopsis, 
tobacco, maize, and soybean [25–29].

FIGURE 12.1  Possible strategies for genome editing in plants using designed endonucleases. The induction of double-strand breaks by endonucle-
ases typically increases the frequency of genome editing by hundred times as compared to those resulted from spontaneous homologous recombination. 
Supplementing the donor DNA (shown in gray) either with or without homology to the endogenous region can lead to different outcomes depending on 
the DNA repair pathway involved.
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2.1 � Zinc Finger Nucleases Application in Model Plant Species

The first pioneering studies on ZFN-induced targeted mutagenesis in plants involved the modification of previously inte-
grated transgenes carrying the ZFN cleavage sites in Arabidopsis [30–32]. Mutation frequencies ranging from 2% [31] to 
as high as 19.6% were observed in Arabidopsis depending on the ZFN-induction system used (constitutive versus inducible 
expression). A nontransgenic virus-based ZFN delivery in tobacco and petunia plants resulted in a targeted modification 
of reporter construct in somatic cells that was stably inherited in the following generation [33]. In most of the cases, the 
authors observed simple deletions at the target sites of 1–80 bp, thus reinforcing the hypothesis that imprecise NHEJ repair 
prevails in higher plants [30].

Some examples of endogenous genomic loci mutations mediated by ZFNs in Arabidopsis include the disruption of 
ABAINSENSITIVE-4 (ABI4) [27], ALCOHOL DEHYDROGENASE-1 (ADH1), and TRANSPARENT TESTA-4 (TT4) genes 
[28]. In both of the studies, the inducible promoters were used for the activation of the previously integrated ZFN constructs. 
Upon induction, the observed mutation frequencies in somatic cells were 3%, 7%, and 16% for ABI4, ADH1, and TT4, 
respectively. Mutations were stably transmitted to the progeny, and the associated phenotype was observed for all genes. 
Curiously, for both of the genes, ADH1 and TT4, homozygous mutants in the T1 generation were recovered, suggesting 
simultaneous biallelic mutations. At the same time, no potential off-target effects were observed in the edited plants [28].

A broader application of NHEJ-mediated gene disruption includes the replacement of an endogenous locus preceded 
by its cleavage at the 5′- and 3′-termini using ZFNs. Successful deletions of 2.8 and 4.3 kb fragments at the transgene loci 
were reported in tobacco plants [34,35]. The expression of ZFN in transgenic tobacco plants containing a GREEN FLUO-
RESCENT PROTEIN (GFP) recombination construct with a 2.8 kb interrupting DNA sequence and a ZFN cleavage site 
resulted in the targeted DSB formation, recombination between GFP gene fragments, and deletion of the intervening 2.8 kb 
sequence. Moreover, the successful targeted deletions, inversions, and duplications of multiple gene clusters mediated by 
ZFNs have also been reported in Arabidopsis [36]. The simultaneous deletion of eight resistance (R) genes that compose 
a RPP4 gene cluster was achieved by the inducible expression of ZFNs that targeted the regions of 55 kb apart [36]. The 
frequency of deletions in somatic cells was about 1%. Furthermore, the authors have even achieved deletions larger than 
9 Mb on the chromosome 1 with the frequency of less than 1%. The feasibility of targeted deletions of large chromosomal 
regions offers an opportunity of a precise removal of a particular trait when it is regulated by a few clustered genes in crops. 
In addition, a gene cluster can be replaced with the genes of interest when the HR-mediated integration is engaged.

An additional precision of genome engineering can be achieved when ZFN cassettes are co-delivered into plant cells 
with the donor DNA that has homology to the endogenous sequence flanking the ZFN cut site. In this case, the HR pathway 
can be involved in DSB repair, and the donor DNA can be used as a template in the process of synthesis-dependent strand 
annealing [37]. Sequence modifications from the donor DNA can be copied into the targeted cut site with modifications that 
can vary from single- to few base-pair modifications (ie, gene editing) to the integration of complete transgene expression 
cassettes (ie, site-specific integration) [3]. Since the frequency of HR repair in somatic plant cells appears to be extremely 
low, the identification and isolation of such modifications is usually achieved by applying a selection pressure [3]. In one 
of the examples, specific mutations of the SULFONYLUREA RECEPTOR genes SuRA and SuRB in tobacco render cells 
insensitive to imidazolinone and sulfonylurea herbicides [26]. The co-delivery of ZFNs and the donor DNA template for 
the correction of SuRA and SuRB genes into tobacco protoplasts resulted in the recovery of herbicide-resistant calli at the 
frequency of 2%. Moreover, mutations as far as 1.3 kb from the ZFN cleavage site were obtained, suggesting that plant 

FIGURE 12.2  Schematic representation of a zinc-finger nuclease (ZFN) protein. Each ZFN consists of a zinc-finger protein (ZFP) at the N-terminus 
and a FokI nuclease domain at the C-terminus. ZFN typically can target 18–36 bp long sequences. In the zinc-finger-motif consensus, X represents any 
amino acid.
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genes can be edited even when the DNA sequence excludes the ZFN recognition sites near the desired locus of modifica-
tions [26]. Similarly, two specific point mutations in a PROTOPORPHYRINOGEN OXIDASE (PPOX) gene of Arabidopsis 
confer the plant’s resistance to the herbicide butafenacil [38]. Floral dip transformation of wild-type plants and plants that 
constitutively express ZFN was performed using Agrobacterium carrying a binary vector. The plasmid contained a donor 
template with the PPO gene missing the 5′ coding region but having two necessary mutations to confer resistance to the 
herbicide butafenacil in the edited plants. Selection of T1 plants on butafenacil yielded GT frequencies of 0.8 × 10−³ and 
3.1 × 10−³ per transformation event, in wild-type and ZFN lines, respectively.

The future advancement of gene-editing technology through HR will require the development of tools for high-
throughput screening of the generated plant populations. This will allow a selection-free elimination of wild-type plants in 
order to find the desired modification [3].

2.2 � Zinc Finger Nucleases Application in Crops

Genome editing in crops presents a particular challenge because it relies on the availability of a highly efficient transforma-
tion method and the ability to design a unique engineered endonuclease for targeting a distinct locus, or loci, in the com-
plex polyploid genome. The first successful report of genome editing in crops has been published in 2009. It involved the 
ZFN-mediated disruption of an IPK1 gene that encodes an inositol-1,3,4,5,6-penta-kisphosphate 2-kinase, an enzyme that 
catalyzes the final step in phytate biosynthesis in maize seeds [25]. Phytate accounts for 75% of the total seed phosphorus 
and is an antinutritional component of feed grains that contributes to the environmental pollution through the waste stream. 
Reducing the level of phytate is agriculturally important for both increasing the bioavailability of phosphorus in corn grains 
and decreasing the negative environmental impact. Four ZFN pairs designed to cut IPK1 at two positions in exon 2 were 
transformed into embryogenic callus of maize using a whisker-mediated DNA delivery [39]. Along with the ZFN cassettes, 
two HR repair templates were transformed that contained short homology arms to the IPK1 gene and either an autonomous 
herbicide-tolerance gene expression sequence (PAT) or a nonautonomous donor that relied on a precise integration under 
the endogenous IPK1 promoter for the expression of the marker gene. The frequencies of successful GT events ranged 
from 3.4% to 100%, depending on the ZFN pair used and the donor template. No off-target mutations were observed at 
the noncognate homologous sites in T0 plants carrying GT events at the IPK1 gene. The effect of gene disruption on IPK1 
expression was transmitted through two rounds of meiosis, and the edited plants had a significant number of seeds with 
reduced phytate levels and a concomitant increase in inorganic phosphate as compared to plants with random integration 
of the donor template [25].

In another example, a targeted mutagenesis of a transgene and nine endogenous soybean (Glycine max) genes was 
performed using ZFNs [29]. Soybean has a highly duplicated paleopolyploid genome that jeopardized the development 
of ZFNs which recognize distinctive sequences in the genome. A number of ZFN constructs were constructed to target 
either unique or duplicated paralogs of epigenetic-related genes. Following Agrobacterium rhizogenes-mediated hairy-
root transformation, somatic mutations were detected for the following genes: DICER-LIKE1a (DCL1a), DCL1b, DCL4a, 
DCL4b, RNA-DEPENDENT RNA POLYMERASE 6a (RDR6a), RDR6b, and HUA ENHANCER 1a (HEN1a). The whole-
plant transformation of soybean using a cassette under the control of an estrogen-inducible promoter and encoding ZFNs 
targeting two paralogous genes, DCL4a and DCL4b, resulted in the recovery of three T0 plants from the hormone-treated 
explants. Sequence analysis of PCR-amplified products revealed that one of the plants had an adenine base insertion at the 
DCL4a locus, and another one had a two-base thymine and adenine insertion at the DCL4b locus. Both plants appeared to 
be heterozygous for the mutation. The plant with the dcl4a mutation exhibited phenotypic abnormalities, including aborted 
seed development. The dcl4b plant appeared to be normal and produced T1 progeny in which the dcl4b mutation segregated 
in a Mendelian fashion as1:2:1 [29]. These results provide the clear evidence that the designed endonucleases can be suc-
cessfully implemented in the paleopolyploid crop species for a precise genome editing.

The development of a single crop variety with disease resistance, abiotic stress tolerance, yield enhancement, and qual-
ity traits requires the involvement of a labor- and resource-intensive introgression via conventional breeding. The appear-
ance of tools for targeting DNA sequence to a selected locus may apparently eliminate problems of unpredicted cassette 
expression due to chromatin composition and segregation problems following meiosis. Combining two or more traits in one 
variety can now be achieved by molecular trait stacking in a single transgene locus. This can be done by using a transforma-
tion vector carrying the trait genes with homology sequences to the target region and a ZFN expression cassette designed 
to target the desired integration locus upon expression of an active protein. The proof-of-concept study has provided an 
example of successful on-demand transgene integration and trait stacking in the maize genome [40]. The authors used mod-
ular “trait landing pads” (TLPs) that flanked the herbicide-resistance gene, pat, and had ZFN target sites with sequences 
homologous to an incoming DNA. Separate cotransformation of transgenic plants with a donor DNA containing a second 
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herbicide-resistance gene, aad1, flanked by sequences homologous to the integrated TLP along with the corresponding 
ZFN expression construct allowed for the aad1 transgene to be precisely integrated at TLP, directly adjacent to the pat 
transgene. The frequency of up to 5% in the embryo-derived transgenic events was achieved, and both herbicide-resistance 
genes co-segregated in the subsequent generations.

2.3 � Potential Limitations of the Zinc Finger Nucleases Technology

Although the ZFN technology has proven itself as an efficient tool for the genome editing in a number of model and crop 
species, the design of multi–zinc finger modules is challenging due to complex interactions between amino acid residues 
and base pairs of the target sequence [41]. In addition, the assembly and testing of ZFNs is usually expensive. Moreover, 
the availability of endogenous targets is restricted due to a limited number of modules for the context-dependent assembly 
platform [42].

A major drawback of the broad usage of ZFNs in plants is a prohibitive licensing fee that restricts an access to the 
required design tools developed by the company Sangamo Bioscience [43].

3. � TALENs FOR THE GENOME ENGINEERING OF PLANTS

Following pioneering studies on ZFNs, the genome engineering using TALENs in plants has progressed rapidly [44]. The 
transcription activator-like effector (TALE) DNA-binding domains were “borrowed” from plant pathogens in the genus 
Xanthomonas which deliver the proteins to plant cells during infection through the type III secretion pathway [45,46]. 
The TALE proteins can bind to the effector-specific DNA sequences and transcriptionally activate gene expression of host 
genes. This makes plants more susceptible to the pathogen attack in most of the cases. Binding of the TALE protein to DNA 
sequence is mediated by a middle region that contains 30 tandem repeats of a 33–35 amino acid–sequence motif. Each 
repeat has a mostly consistent amino acid sequence, with the exception of two adjacent amino acids (the repeat variable 
diresidue or RVD) at positions 12 and 13. Distinct RVDs within the repeats dictate the specificity of the repeat to recognize 
nts in the target sequence. In 2009, the cipher was decoded by two research groups who showed a clear relation between 
RVDs in the repeat domain and the nts in the target DNA sequence [45,47,48]. Using the current ZFN architecture, TALEs 
were fused to the catalytic domain of the FokI restriction enzyme, and the resulting chimeric endonucleases also demon-
strated a specific cleavage activity in the yeast LacZ assay [45] (Fig. 12.3). The off-target effects of TALENs seem to be 
fewer than those of ZFNs due to the longer target recognition site [7]. The assembly of TALENs has been simplified by the 
Golden Gate-based cloning method that allows directional and seamless assembly of multiple DNA fragments [49]. The 
availability of the tool kit along with the freely distributed module assembly plasmids allowed a number of groups to design 
and construct TALENs for the specific genome-editing objectives.

3.1 � The Application of TALENs in the Model Plant Species

The in planta testing of designed TALENs was first performed in tobacco by transient cotransformation of a uidA reporter 
construct carrying the recognition sequence and the corresponding TALEN using Agrobacterium [50]. The cleavage at the 

FIGURE 12.3  Schematic representation of a transcription activator-like effector nuclease (TALEN). Each monomer contains a DNA-binding 
domain at the amino terminus and a FokI nuclease domain at the carboxyl terminus. Each TALE module (shown as small colored boxes) can recognize 
only one nucleotide through its 13th amino acid. Each TALE module typically contains 34 amino acids with the 12th and 13th residues being responsible 
for the specificity (repeated variable diresidues). A recognition pattern of modules is shown in the figure. NLS, a nuclear localization signal.
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recognition sequence followed by a subsequent repair mediated by the cellular repair machinery would remove the stop 
codon in the reporter coding sequence and allowed for the expression of the uidA reporter. Following the co-delivery of both 
constructs into tobacco leaves, the authors observed blue sectors in the infiltration regions, and the resulting products of 
DSB repair were confirmed by sequencing [50]. Similarly, a transient expression of custom-designed TALEN targeting an 
ALCOHOL DEHYDROGENASE1 (ADH1) gene in Arabidopsis resulted in the recovery of six independent mutations con-
sisting of deletions ranging from 4 to 15 bp [51]. To assess the TALEN activityin planta, a yellow fluorescent protein (YFP)-
based single-strand annealing (SSA) reporter construct has been developed [7]. The reporter has a TALEN recognition 
sequence flanked by a 255 bp direct repeat of the YFP-coding sequence. A successful cleavage of the construct by TALEN 
results in the recombination of homologous sequences and the reconstitution of a functional YFP gene. The co-delivery of 
both TALEN and the reporter construct into tobacco protoplasts allows for a fast screening of the TALEN activity using 
flow cytometry. The TALEN activities observed in the protoplast SSA assay demonstrated a high correlation with mutagen-
esis frequencies detected at the endogenous loci for the same TALENs. The mutagenesis efficiencies after TALEN delivery 
were in the range of 30% for an ACETOLACTATE SYNTHASE (ALS) gene that allowed the recovery of calli with targeted 
mutations without applying a selection pressure. In addition, 4% of calli showed an evidence of targeted gene replacement 
when a 322 bp donor molecule with 6 bp difference from the ALS-coding sequence was co-delivered with TALEN.

A stable integration of TALEN constructs designed to target separately five different genes in the Arabidopsis genome 
resulted in somatic mutagenesis frequencies ranging from 2% to 15% at the selected loci for all tested TALENs [52]. 
Furthermore, mutations were transmitted to the next generation at the rate of 1.5–12%. A stable germline transmission of 
somatic mutations in Arabidopsis caused by TALEN activity was also confirmed in a separate study [53]. The expression 
of TALENs under control of a shoot apical meristem–specific promoter resulted in targeting a CLAVATA3 (CLV3) gene at 
the rate that allowed a recovery of biallelic mutants already in the T1 generation.

The successful application of TALENs in two monocot model species, rice and Brachypodium, demonstrated the utility 
of the tool for gene disruption in cereal crops [54]. When a stable Agrobacterium-mediated transformation of embryonic 
cells was performed with TALENs, the mutation frequencies of resistant calli were recovered at the rate from 3.8% to 
100%, depending on TALEN and the species. Most of the mutations were small deletions ranging from 1 to 20 bp, and 
biallelic modifications were recovered as a result of action 5 of 13 TALENs tested. Moreover, a large deletion was detected 
when two TALENs with recognition sequences of more than 1.3 kb apart were co-delivered into rice protoplasts.

An alternative approach to the stable integration of the TALEN cassette was proposed by the Daniel Voytas Lab in 2014 
[55]. Transient expression of sequence-specific nucleases in tobacco leaves using a geminivirus resulted in the recovery 
of NHEJ events at the target regions of the three nucleases tested (ZFN, TALEN, and CRIPSPR/Cas9). Moreover, the co-
delivery of DNA repair templates using the bean yellow dwarf virus resulted in GT events at the rates from one to two orders 
of magnitude over the conventional Agrobacterium tumefaciens T-DNA delivery. Interestingly, the authors observed a low 
level of NHEJ events and a high frequency of GT in the cells. Based on the experiments, they speculated that the effect 
was caused by a combination of targeted DSBs, a high replication of a repair template and a pleiotropic effect of the trans-
acting replication-initiation protein (Rep) and RepA. With this technique, it was possible to regenerate plants with a desired 
change in the DNA sequence in less than 6 weeks. The proposed approach holds a big promise for the genome editing in 
monocots because some of the geminiviruses belonging to a genus Mastrevirus (eg, wheat dwarf virus and maize streak 
virus) have been successfully used for protein expression in monocots [55].

3.2 � The Application of TALENs in Crops

The utilization of TALENs for crop improvement were clearly shown in few reports [56–59]. The most prominent improve-
ments were the disruption of two fatty desaturase genes (FAD2-1A and FAD2-1B) in soybean [56], targeted mutations of 
three homoeoalleles that encode the MILDEW-RESISTANCE LOCUS (MLO) proteins in wheat [57], the mutation at the 
promoter site of the barley phytase gene of the purple acid phosphatase group named HvPAPhy_a [58], and the disrup-
tion of a PROCERA (PRO) gene in tomato [59]. Simultaneous mutations in the FAD2-1A and FAD2-1B genes resulted in 
the generation of lines low in polyunsaturated fats that have an economic value for increasing oil shelf life and improving 
oxidative stability. After segregation, mutant plants were isolated that lacked the TALEN transgene and carried only the 
targeted mutations. Furthermore, a new trait not found in nature was developed using TALENs after simultaneous targeting 
of three homoalleles in wheat [57]. TALEN-induced disruption of all three TaMLO homologs in the same plant conferred 
heritable broad-spectrum resistance to powdery mildew.

An increase in the cold storage and processing of potato tubers was achieved by targeted disruption of a VACUOLAR 
INVERTASE gene (VInv) that encodes an enzyme involved in hydrolysis of sucrose to glucose and fructose [60]. Full VInv-
knockout plants had undetectable levels of reducing sugars that can form a potential carcinogen when reacted with free 



Genetic Engineering of Plants  Chapter | 12  193

amino acids upon high-temperature processing. As in the case of the soybean study, the authors managed to select plants 
that did not contain TALEN transgenes in the genome but only mutations in VInv alleles. The edited potato is void of the 
regulation covering GMO crops in the USA and may soon enter a market as the first crop edited with designed endonucle-
ases (http://www.aphis.usda.gov/biotechnology/downloads/reg_loi/aphis_response_cellectis_potato.pdf).

3.3 � Potential Limitations of the TALEN Technology

The number of endogenous sequences that can be targeted by TALENs are limited by the need of a thymidine nt at the 5′ 
position [61]. Each TALEN must be experimentally validated since not all de novo assembled TALEN pairs work efficiently 
in vivo [62]. In addition, conventional TALENs are not able to cleave DNA containing 5-methylcytosine. Since methylated 
cytosine is indistinguishable from thymidine in the major groove, a repeat that recognizes cytosine can be substituted for 
one that binds to thymine. This approach, however, can reduce the target specificity [63,64].

The construction of multiple repeat sequences to assemble the DNA-binding domains remains a challenging task. The 
repetitive nature of TALE arrays makes it difficult to amplify them with PCR, and the assembled TALENs can be mutated 
by recombination in vivo [65]. Different methods have been developed to simplify the cloning of repeat arrays [49,51,66], 
and various computer programs are available for efficient design of TALEs and target prediction [67]. The most popular 
assembly method is a Golden Gate platform which offers a rapid, inexpensive and user-friendly protocol for TALEN 
assembly.

4. � THE CRISPR/CAS9 SYSTEM FOR THE GENOME ENGINEERING OF PLANTS

An RNA-based and very efficient genome-editing tool was developed using the bacterial CRISPR and Cas9 protein. The 
CRISPR arrays were first identified in the Escherichia coli genome in 1987 [68], but their biological relevance was not 
known. In 2005, it was shown that some of the regions of the CRISPR sequence were homologous to viral and plasmid 
DNA, suggesting a role in adaptive immunity [69–71]. Later on, the CRISPR arrays were confirmed to provide protection 
against invading viruses when combined with the Cas genes, and the mechanism of this RNA-mediated DNA-targeting 
immune system was demonstrated [72–75].

Although the CRISPR/Cas system is present in most of the archaeal and many bacterial genomes [76], the most used 
CRISPR/Cas genome-editing tool originates from Streptococcus pyogenes. It contains the minimal CRISPR machinery 
composed of a single Cas9 protein, CRISPR RNA (crRNA) with a complementary sequence to the target site, and a 
trans-activating RNA (tracrRNA) that forms a hairpin with crRNA [41]. The CRISPR/Cas system is a part of an adaptive 
immune system that protects bacteria and archaea from viruses by digesting their DNA in a sequence-specific manner. 
The immunity is attained by the incorporation of short fragments of the viral DNA known as spacers at the proximal end 
of the CRISPR locus between two repeat arrays [77]. The CRISPR sequence is transcribed during subsequent infections 
with the virus and is sliced into 40 nt-long crRNAs. Eventually, crRNAs are combined with the tracrRNA to activate and 
guide the Cas9 nuclease to the invading DNA. The Cas9 enzyme cleaves the homologous DNA sequences into fragments 
called protospacers [72]. Binding specificity is provided by the so-called “seed sequence” of about 12 bases and a short 
DNA sequence termed a protospacer adjacent motif (PAM). The PAM usually contains a sequence of 5′-NGG-3′ (less 
frequently 5′-NAG-3′ [78]) and is situated downstream of the target DNA [79] (Fig. 12.4).

FIGURE 12.4  The CRISPR/Cas system. The system consists of a guided 
RNA (gRNA) and a Cas9 endonuclease. While gRNA is responsible for the 
specificity, the Cas9 protein mediates the cleavage of a complementary tran-
script. Cas9 requires the presence of a correct protospacer adjacent motif 
(PAM) sequence at the 3′ end of the target transcript, and upon binding to 
DNA, the nuclease unwinds the duplex and cleaves strands using the catalytic 
domains HNH and RuvC.

http://www.aphis.usda.gov/biotechnology/downloads/reg_loi/aphis_response_cellectis_potato.pdf
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The progress for establishing the CRISPR/Cas system as a genome-editing tool was achieved when it was demonstrated 
that the target DNA sequence could be reprogrammed simply by replacing 20 nt in crRNA. In addition, crRNA could be 
combined with tracrRNA in a chimeric single-guide RNA (gRNA), thus reducing the system from three to two components 
and making it more efficient [80,81]. In comparison to the ZFN and TALEN technology, the CRISPR/Cas system relies 
on a simple Watson–Crick base pairing between gRNA and the target DNA sequence; therefore, the sophisticated protein 
engineering of each target is omitted [77]. The digestion of the target DNA sequence is performed by two cleavage domains 
(RuvC and HNH) of Cas9. The cleavage domains produce DSB at a position that is 3 nt upstream of PAM leaving in most 
of the cases blunt ends [80].

Another unique feature of the CRISPR/Cas system that sets it apart from other designed nucleases is the ability to selec-
tively target either DNA or RNA. For instance, the Type III-B CRISPR/Cas system from Pyrococcus furiosus mediates the 
homology-dependent degradation of complementary RNA guided by an engineered crRNA [82]. The posttranscriptional 
control of gene expression would possibly be a more powerful alternative to RNA interference when the binding of the 
designed endonuclease to the target DNA is inhibited either by chromatin structure or by the presence of other bound 
proteins. In addition, the target elimination of only one of several splice variants from a single transcript could be possibly 
achieved. This is the gene expression regulation that is currently impossible to obtain by targeted DNA mutagenesis [77].

Everything that can be achieved with ZFNs and TALENs can in general be achieved with the CRISPR/Cas technology. 
The first publications on the utilization of the CRIPSR/Cas system in eukaryotes (human, mouse, and zebrafish) demon-
strated that it is a simple, inexpensive, and versatile tool for genome editing [62,83–85].The target mutation efficiency of 
the CRISPR/Cas9 system in zebrafish embryos was found to be similar to that of ZFNs and TALENs [62]. The design and 
assembly of the CRISPR/Cas9 cassettes is relatively straightforward, currently devoid of intellectual property barriers, and 
thus can be preferred over other designed nucleases for genome-editing applications both in basic and applied studies [41].

4.1 � The Application of the CRISPR/Cas System in Model Plant Species

In 2013, five reports demonstrated the use of the CRISPR/Cas9 system for gene disruption/targeting in Arabidopsis, tobacco, 
and rice [86–89]. All studies used a range of transformation platforms, including protoplast transformation, transient and 
stable Agrobacterium-mediated DNA delivery into leaves as rapid methods for the CRISPR/Cas9 system screening. A stable 
integration of the CRISPR/Cas cassette into the Arabidopsis and rice genomes resulted in the recovery of mutants with an 
expected phenotype already in the T1 generation of multiple genes that were targeted [86]. The mutation frequency was high 
in both Arabidopsis and rice, ranging in most of the cases from 26% to 84%. Similar to other designed endonucleases, mul-
tiple mutated alleles with different indels were recovered from transgenic plants, indicating DNA repair through the NHEJ 
pathway. The successful application of the CRISPR/Cas system for the targeted mutagenesis in monocots (rice and sorghum) 
and dicots (Arabidopsis and tobacco) was shown in a separate study [90]. Overall, when stably integrated, the CRIPSR/Cas 
technique can generate detectable mutations at a frequency of 50–89% for a single locus and 68–74% for double loci in plants 
[91]. In line with other designed endonucleases, it was possible to isolate transgene-free Arabidopsis plants with specific and 
heritable genome-editing events. In addition, the main practical advantage of CRISPR/Cas9 over ZFNs and TALENs is the 
ease of multiplexing. It simply requires the monomeric Cas9 protein and selected sequence-specific gRNAs [91]. On the other 
hand, multiplex editing with either ZFNs or TALENs demands separate dimeric proteins assembled for each target site [77]. 
The simultaneous introduction of targeted mutations at multiple sites can be used either to knock out redundant genes, parallel 
pathways or to create large genomic deletions/inversions [81,86,92]. More importantly, it has been noted that a high mutation 
frequency observed in rice (up to 91.6%) is apparently due to the unique feature of the CRISPR/Cas system (unlike ZFN and 
TALEN) to tolerate DNA methylation at cleavage sites [78,93]. This makes the CRISPR/Cas technology more favorable over 
other designed endonucleases because about 70% of the CG/CNG sites are methylated in plants [94]. The CRISPR/Cas9 sys-
tem is therefore more useful for genome editing in plants, such as monocots with high genomic GC content [57,93].

In plants, gRNAs can be expressed under the control of different promoters that are recognized by RNA polymerase 
II and III, such as U6-26, AtU6, OsU6, AtUBQ, OsUBQ, and CaMV 35S [86,91,95]. Similarly, the expression of the Cas9 
endonuclease can be driven by either EF1A, CaMV, UBO, or LTR promoters. Among them, the CaMV 35S promoter has 
been used most often [96] to drive the expression of a single chimeric gRNA that has been shown to be more efficient than 
separate crRNA and tracrRNA components for site-targeted mutagenesis in plants [81,93]. Although, due to the differences 
in experimental setups, it is hard to compare transformation and detection methods; but in general, the targeting efficiency 
of the CRISPR/Cas9 system seems to be comparable to or exceeding that obtained with ZFNs and TALENs [97,98].

One of the criticisms of the CRISPR/Cas technology is the relatively high rate of off-target effects reported in studies 
on animals [78,99,100]. Similarly, the off-target mutagenesis was observed in rice in two separate studies by using the 
PCR/restriction enzyme assay [88,89]. At the same time, no off-target modifications have been observed in studies on 
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Arabidopsis, tobacco, sweet orange, and in a separate study on rice using different methods, including sequencing of PCR 
amplicons, the whole-genome sequencing, and the restriction enzyme loss method [81,87,101,102]. The reduced specificity 
of the CRISPR/Cas system in some of the previous reports is apparently due to the fact that only a fragment of 8–12 nt at 
the 3′-end (the seed sequence) is needed for target site recognition and cleavage [90,103]. In addition, multiple mismatches 
in the PAM-distal region can be tolerated, depending on a sequence [78,99,100]. It has been hypothesized that the reduced 
specificity of the CRISPR/Cas9 complex at nonseed positions in the crRNA spacer has evolved to decrease the escape of 
viruses with point mutations form the immune system of bacteria [104].

Overall, the limited data available thus far suggest that the off-target effects caused by the CRISPR/Cas system are rare 
in plants. Nevertheless, a careful selection of the specific gRNA sequences combined with the proper regulation of the 
CRISPR/Cas cassette expression should reduce the risk of unwanted genome modifications.

4.2 � The Application of the CRISPR/Cas System in Crops

A simplicity in both design and assembly and an open access to the components of the CRISPR/Cas system made it 
highly applicable for the range of crops, including rice, sorghum [90], wheat [57,92], maize [98], tomato [105], and sweet 
orange [106]. Curiously, four independent reports have shown that the CRISPR/Cas9 technology is suitable for the intro-
duction of biallelic or homozygous mutations directly in the first generation of stable transgenic rice and tomato plants 
[81,88,107,108]. More importantly, genetic crosses segregating the CRISPR/Cas cassettes away from the edited plants have 
allowed to obtain genome-edited but transgene-free rice [81]. These studies indicate an exceptionally high efficiency of the 
CRISPR/Cas system in agriculturally important crop species.

In 2014, the CRISPR/Cas9 technology was briefly characterized for its mutation efficiency in one of the most compli-
cated sequenced genomes—bread wheat (Triticum aestivum) [57]. A stable transformation of the CRISPR/Cas9 cassette 
resulted in the recovery of mature plants with mutations at one of the three alleles of the MILDEW RESISTANCE LOCUS 
(MLO-A1) gene with a frequency of 5.6% comparable to that obtained by TALENs [57]. Future reports will demonstrate 
how efficient the CRISPR/Cas9 technology is for targeted mutagenesis of all alleles simultaneously in hexaploid wheat. 
The possibility of a relatively easy multiplexing and tolerance of the Cas9 enzyme to DNA methylation leaves very little 
doubt to suspect that the CRISPR/Cas9 system would not be efficient in the most complicated crop genomes.

4.3 � Potential Limitations of the CRISPR/Cas System

One of the biggest concerns regarding the CRISPR/Cas system is its relatively high off-target mutagenesis reported previ-
ously in animals [78,99]. However, this seems to be not of a big concern for plants, possibly due to differences in the trans-
formation efficiency, expression levels, and codon usage in plant systems. The optimization of Cas9 nuclease expression 
has been proposed as a way to control the specificity because high concentrations of Cas9 and gRNA components can cause 
off-target effects in animals [78,100,109]. Another approach is to carefully select target regions in the genome because the 
imperfectly matched spacer sequences can result in the cleavage at off-target positions. A comparison of several gRNAs 
targeting the same gene in human cells has revealed that the CRISPR/Cas system is less efficient at the sequences with an 
unusually high or low GC content as compared to those with an average GC level [57]. In addition, gRNAs designed to 
target a transcribed strand are less effective than those targeting a nontranscribed strand. Furthermore, the Cas9 enzyme 
preferentially binds to gRNAs containing purine residues in the last four positions of spacer sequence with a direct cor-
relation between the affinity of Cas9 to gRNA and the cleavage activity. Although it still remains to be shown whether the 
same rules are applicable to plant systems, these examples can be taken into account for gRNA design in plants in order to 
increase the efficiency and reduce off-target effects of the CRISPR/Cas technology.

Unfortunately, the possibility of the CRISPR/Cas9 system to target a desired sequence may be limited by the availability 
of PAM sites [80]. The alteration of the PAM sequence greatly reduces but not abolishes the activity of the CRISPR/Cas 
system in plants, suggesting that although PAM is important, it is not absolutely required for the function of CRISPR/Cas 
[91]. A thorough examination of nuclear genome sequences in silico from eight representative plant species (Arabidopsis 
thaliana, Medicago truncatula, G. max, Solanum lycopersicum, Brachpodium distachyon, Oryza sativa, Sorghum bicolor, 
and Zea mays) using data from mammalian systems has revealed an occurrence of the PAM (NGG/NAG) site at the fre-
quency of 5–12 times for every 100 bp [110]. The total number of PAMs correlated with genome size, and for all species 
except maize, it was possible to predict specific gRNAs to target 85.4–98.9% of the annotated transcript units. Since maize 
has the largest genome examined and the functional redundancy of some homologous genes with high sequence identity, 
only 30% of the transcription units could be targeted by specific gRNAs. It is, therefore, expected that similar challenges 
may occur for gRNA target prediction in wheat and barley that have even larger genomes than maize [110].
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5. � FUTURE PERSPECTIVES OF THE GENOME-EDITING TECHNOLOGY

The use of the ZFN, TALEN, and CRISPR/Cas technologies to target DSBs to the selected locus/loci has opened up the 
possibility of a precise, fast, and efficient genome editing both in prokaryotes and eukaryotes. The utilization of designed 
endonucleases will accelerate both functional genomics and applied crop improvement [3]. The connection between a par-
ticular gene and the resulted phenotype would be easy to establish for species in which a mutant is unknown or does not exist 
in nature. This, in turn, should speed up the efforts for the development of novel traits. Eventually, the products obtained by 
site-specific nucleases which do not contain a transgene cassette are expected to be regulated in the North America similar to 
conventionally bred genotypes, and thus be more cost effective to bring to market (http://www.genengnews.com/insight-and-
intelligence/gene-editing-will-change-everything-just-not-all-at-one-time/77900351/). The use of designed endonucleases 
may remove a number of regulatory restrictions associated with transgenic plants. Although, the European regulatory orga-
nizations working on GM crops focus on the method and not the product (eg, plants produced by conventional mutagenesis 
and genome editing would be regulated differently under the current guidelines), there is a possibility that plants altered by 
the targeted mutagenesis using designed endonucleases would not be classified and regulated as GMOs [111,112].

The targeted, predicted integration of transgenes through a trait stacking approach can eliminate the resulting effect 
of an unintended disruption of host metabolism and/or production of toxic or allergenic compounds. By trait stacking, 
the plant cells can be efficiently engineered to act as a factory for the production of specific metabolites or proteins with 
a number of genes involved. This can be achieved by a careful examination of different loci in the plant genome for the 
influence of the chromatin and surrounding sequence on transgene expression. Eventually, a generic recipient line with a 
predetermined and characterized locus can be established for routine utilization of transgene insertion and strong expres-
sion, thus producing a high yield of the corresponding product [77].

Overall, it is expected that the CRISPR/Cas technology will advance more rapidly as compared to ZFNs and TALENs 
[113]. This is due to a combination of the few major factors: a simplicity in design and construction, a possibility of rela-
tively easy multiplex targeting, tolerance to DNA methylation, and, most importantly, the open access policy of the CRISPR 
research community. Plasmids are freely available from the nonprofit repository (eg, Addgene), and the range of web tools 
have been developed for selecting gRNA sequences and predicting their specificity (eg, CRISPR-P, CRISPR-PLANT, and 
Cas-OFFinder) [77].The application of this tool in plants opens immense possibilities from the regulation of lignin biosynthe-
sis in order to increase forage digestibility and kappa value in the pulping industry [44] to the generation of wheat-resistant 
cultivars by targeting the loss of susceptibility genes [114]. For these targets to be met in plants, the development of supporting 
technologies is required. In most of the cases, the limiting factor is the availability of an efficient transformation technique 
and a high-throughput molecular screening method for genome-editing analysis. Therefore, the improvement in cell and tissue 
culture together with the development of more efficient transformation techniques will continue to play an essential role in the 
further development of genome-editing technology in plants [3]. One of the promising approaches includes the utilization of a 
microspore culture together with the protein-mediated genome editing [115]. Overall, a brief overview of examples of targeted 
genome modification in plants mediated by designed endonucleases provides a clear indication that complex crop genomes 
can now be manipulated with a precision that far surpasses the conventional breeding practices. Therefore, it can be speculated 
that it is just a matter of time when genome-edited fruit, vegetable, and cereal crops will appear on the shelves of stores.

GLOSSARY
Clustered regularly interspaced short palindromic repeats/CRISPR-associated 9  An RNA-based genome-editing tool that consists of 

Streptococcus pyogenes Cas9 endonuclease and guided RNA.
Engineered endonucleases  Artificial endonucleases that can be designed to digest a predetermined nucleotide sequence.
Genome editing  A type of genome manipulation for the purpose of insertion, deletion, or replacement of the DNA sequence by using engineered 

endonucleases.
Homologous recombination repair  A type of double-strand break repair in which the nucleotide sequences are exchanged between two identical 

or very similar molecules of DNA during genetic recombination.
Homing endonucleases/meganucleases  Naturally occurring endonucleases characterized by a high specificity due to a long recognition site  

(12–40 bp).
Nonhomologous end joining repair  A double-strand break repair pathway that involves a simple rejoining of the broken ends of the DNA molecule 

either in the presence or absence of the microhomology regions between broken ends.
Transcription activator-like effector nucleases  The engineered endonucleases that contain a TALE DNA-binding domain at the amino terminus 

and a FokI nuclease domain at the carboxyl terminus.
Zinc-finger nucleases  The engineered endonucleases that consist of a zinc-finger protein at the N-terminus and a FokI nuclease domain at the 

C-terminus.

http://www.genengnews.com/insight-and-intelligence/gene-editing-will-change-everything-just-not-all-at-one-time/77900351/
http://www.genengnews.com/insight-and-intelligence/gene-editing-will-change-everything-just-not-all-at-one-time/77900351/
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LIST OF ACRONYMS AND ABBREVIATIONS
ABI4  An ABAINSENSITIVE-4 gene
ADH1  An ALCOHOL DEHYDROGENASE-1 gene
ALS  An ACETOLACTATE SYNTHASE gene
CLV3  A CLAVATA3 gene
crRNA  CRISPR RNA
CRISPR/Cas  Clustered regularly interspaced short palindromic repeats/CRISPR-associated
DCL1a  A DICER-LIKE1a gene
DSB  Double-strand break
EMN  Engineered homing endonucleases/meganucleases
ES  Embryonic stem cells
FAD2-1A and FAD2-1B  Fatty desaturase genes
GFP  GREEN FLUORESCENT PROTEIN
GMO  Genetically modified organisms
gRNA  Single guide RNA
GT  Gene targeting
HEN1a  HUA ENHANCER 1agene
HR  Homologous recombination
Indel  Mutation caused either by insertion or deletion
IPK1  Gene that encodes the inositol-1,3,4,5,6-pentakisphosphate 2-kinase gene
MLO  MILDEW-RESISTANCE LOCUS
NHEJ  Nonhomologous end joining
NLS  Nuclear localization signal
PAM  Protospacer adjacent motif
PCR  Polymerase chain reaction
PPOX  PROTOPORPHYRINOGEN OXIDASE gene
PRO  PROCERA gene
RDR6a  RNA-DEPENDENT RNA POLYMERASE 6a gene
Rep  Replication-initiation protein
RVD  Repeat variable diresidue
SuRA and SuRB  SULFONYLUREA RECEPTOR gene
SSA  Single-strand annealing
TALEN  Transcription activator-like effector nucleases
TLPs  Trait landing pads
tracrRNA  Trans-activating RNA
TT4  TRANSPARENT TESTA-4 gene
VInv  VACUOLAR INVERTASE gene
YFP  Yellow fluorescent protein
ZFN  Zinc-finger nucleases
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