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ABSTRACT  Researchers and biotechnologists require methods to accurately modify the genome 
of higher eukaryotic cells. Such modifications include, but are not limited to, site-specific muta-
genesis, site-specific insertion of foreign DNA, and replacement and deletion of native sequences. 
Accurate genome modifications in plant species have been rather limited, with only a handful of 
plant species and genes being modified through the use of early genome-editing techniques. The 
development of rare-cutting restriction enzymes as a tool for the induction of site-specific genomic 
double-strand breaks and their introduction as a reliable tool for genome modification in animals, 
animal cells and human cell lines have paved the way for the adaptation of rare-cutting restriction 
enzymes to genome editing in plant cells. Indeed, the number of plant species and genes which 
have been successfully edited using zinc finger nucleases (ZFNs), transcription activator-like effec-
tor nucleases (TALENs) and engineered homing endonucleases is on the rise. In our review, we 
discuss the basics of rare-cutting restriction enzyme-mediated genome-editing technology with 
an emphasis on its application in plant species. 
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Introduction

The discovery that Agrobacterium can genetically transform 
plant cells by delivering part of its own genome into those cells 
led to radical changes in modern agriculture and brought about 
the era of plant biotechnology and plant genetic engineering 
(Shiboleth and Tzfira, 2011). In the last three decades, we have 
witnessed a significant increase in the number of plant species 
that have been genetically transformed by Agrobacterium or other 
means. Moreover, the number and variety of traits that have been 
introduced into crop plants, flowers and forest trees is constantly 
on the rise and genetically engineered plants are commercially 
grown on several continents in a growing number of countries. 
Nevertheless, genetically engineered plants (commonly referred 
to as genetically modified plants or transgenic plants) have been 
the subject of much controversy and strong opposition in various 
countries, most belonging to the European Union. Much of the 
resistance to genetically modified plants derives from social and 
political objections to the concept of genetic engineering. However, 
scientists, policy-makers and environmentalists have also raised 
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concerns about the use of antibiotic-based selection markers in 
plant genetic transformation, the possible flow of foreign genes 
to wild species and the nature of the transformation process, 
which leads to random integration of foreign DNA into the plant 
cell genome and does not always permit predicting the foreign 
gene’s behavior during the plant’s life cycle or across several 
generations (Fig. 1). Thus, researchers and plant biotechnologists 
have long sought ways to control the transformation process, and 
in particular, ways to accurately manipulate the plant genome by 
means of gene targeting.

Gene targeting by homologous recombination (HR) was originally 
developed for genome manipulation in yeast (Saccharomyces 
cerevisiae) cells. This technique requires that the target (ac-
ceptor) genomic sequence and the replacement (donor) foreign 
DNA sequence share a certain homology. Gene targeting by HR 
also relies on the active participation of the cell’s HR DNA-repair 
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machinery in directing the donor DNA molecules to the target site 
where they can replace the acceptor sequence. The impact of 
gene-targeting technology on yeast research prompted scientists 
to adapt HR-mediated gene-replacement strategy for genome 
editing in several other model organisms—mouse embryonic stem 
cells, various fungal species, Physcomitrella patens, Drosophila 
Melanogaster and several human cell lines. On the other hand, 
HR-mediated gene replacement  in plant species was limited 
to just a few examples (Table 1), mainly because foreign DNA 
molecules, which are often delivered by Agrobacterium-mediated 
gene transfer, integrate at random locations across the target 
plant genome via non-homologous end joining (NHEJ) and not HR 
(Lieberman-Lazarovich and Levy, 2011). Early gene-replacement 
experiments in plants focused on tedious screening methods for 
the detection of HR-mediated integration events, developing unique 
and sophisticated transformation vectors and selection methods, 
and genetic manipulation of the plant’s DNA-repair machinery, as 
we describe below. These approaches met with limited success in 
developing plants with engineered genomes and novel traits, and 
biotechnologists continue to search for more reliable, efficient and 
reproducible methods for genome editing in plant cells (Weinthal 
et al., 2010; Tzfira et al., 2012).

Genomic double-strand breaks (DSBs), which occur naturally at 
different stages of plant development and in the life cycle of every 
cell, can lead to site-specific mutagenesis and can negatively affect 
genome stability. Thus, genomic DSBs in plants and other organ-
isms are often repaired by the cell’s HR DNA-repair machinery 
to maintain the integrity of their genome. In fact, HR-mediated 
DNA repair is often enhanced in response to naturally occurring 
and induced genomic DSBs. Researchers therefore speculated 
that induction of DSBs at specific locations may lead to enhance-
ment in HR-mediated gene-targeting events, and sought ways of 
controlling the induction of genomic DSBs at specific locations. 
Early studies focused on analyzing and studying the effects of 

DSBs on the plant DNA-repair pathway, using transgenic plants 
engineered to carry recognition sites for naturally occurring rare-
cutting restriction enzymes (e.g. Puchta et al., 1993). Those studies 
demonstrated that induction of DSBs by expression of naturally 
occurring rare-cutting restriction enzymes can indeed increase 
HR-mediated genomic repair at specific genomic locations. In ad-
dition, studies have shown that artificially induced genomic DSBs 
can also act as “traps” for foreign DNA molecules in plant cells 
(Salomon and Puchta, 1998; Chilton and Que, 2003; Tzfira et al., 
2003). Researchers therefore suggested that devising methods 
for the induction of genomic DSBs in native target sequences by 
expressing restriction enzymes might lead to the development of 
reliable gene-targeting methods for plant cells which could also be 
used for accurate engineering of crop and model plants. 

The main bottleneck in the development of restriction 
enzyme-based targeting methods was the limited repertoire of 
naturally occurring rare-cutting restriction enzymes (also known 
as meganucleases) and the technical difficulties involved in re-
engineering such enzymes for novel specificities (Arnould et al., 
2011; Stoddard, 2011; Taylor et al., 2012). A major breakthrough 
in the implementation of rare-cutting restriction enzyme-based 
targeting methods for genome editing in plants was made with 
the development of zinc finger nucleases (ZFNs)—engineered 
rare-cutting restriction enzymes which were first used for genome 
editing in human cells (Urnov et al., 2005). Since that pioneering 
report, engineered rare-cutting restriction enzymes have been used 
for various genomic-engineering applications in animals, animal 
cells and human cells, including site-specific mutagenesis, gene 
replacement by HR, site-specific integration and chromosomal 
deletion (Urnov et al., 2005; Lee et al., 2010; Takasu et al., 2010; 
Moehle et al., 2007). ZFNs were soon followed by another type 
of rare-cutting restriction enzyme, dubbed TALENs (transcription 
activator-like effector nucleases). These enzymes were also proven 
useful for genome engineering in animals, animal cells and human 

Fig. 1. Random integration vs. 
gene targeting. During plant genetic 
transformation, the foreign DNA (often 
delivered as an engineered T-DNA 
molecule) is randomly integrated into 
the plant genome (shown here in 
red). Random integration can lead to 
variable gene expression in different 
clones (red bars), and can interfere 
with the expression of unrelated 
genes by either knocking them down 
(purple bar) or activating their expres-
sion (green bar). In gene targeting, the 
foreign DNA molecule can be directed 
into a predetermined site where its 
expression can be predicted (e.g. red 
vs. blue bar), without affecting the 
expression of unrelated genes (purple 
and green bars). 
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cells (e.g. Lei et al., 2012; Sakuma et al., 2013). More recently, 
a unique method enabling the simultaneous targeting of multiple 
sites across the genome has been developed. The method is based 
on an engineered type II prokaryotic CRISPR (clustered regularly 
interspaced short palindromic repeats)/CAS which can be guided 
to and target specific DNA sequences by short RNA molecules 
(Cong et al., 2013; Mali et al., 2013). The method has been used 
to target human and mouse cells and can potentially be adapted 
for the targeting of other genomes, including plants. 

There are various ways in which rare-cutting restriction enzyme-
mediated genome editing can be used in plant biotechnology (Fig. 
2). Induction of a site-specific DSB in a target gene can abolish its 
activity by site-specific mutagenesis. Induction of a site-specific DSB 
can also lead to gene replacement by HR, enabling biotechnolo-

gists to replace and manipulate existing alleles in plants. Induction 
of a site-specific DSB can also be harnessed for gene addition at 
specific genomic locations, which may lead to improved and more 
stable and predictable expression. Rare-cutting restriction enzyme-
mediated genome editing can also be used for gene deletion and 
chromosomal engineering (Fig. 2). 

In the past several years, various reviews have been published 
describing and analyzing many aspects of rare-cutting restriction 
enzyme-mediated genome modification technology. Most of these 
reviews have focused on the tremendous progress made in harness-
ing this unique technology for basic research in animals, animal 
cells and human cells, and its potential for gene therapy (Urnov et 
al., 2010). In our review, we focus on the use of rare-cutting restric-
tion enzyme-mediated genome modification in plants. We describe 

Species Target gene Outcome References 

Tobacco Defective APH(3′)II  
Defective APH3′II  
Sur 

Restoration of kanamycin resistance  
Restoration of kanamycin resistance  
Acquired resistance to chlorsulfuron 

Paszkowski et al., 1988 
Offringa et al., 1990 
Lee et al., 1990 

Arabidopsis Defective hpt 
TGA3 
AGL5  
CHS 
PPO 
ADH 
CRUCIFERIN 
CRUCIFERIN 

Restoration of hygromycin resistance  
Gene replacement  
Gene replacement 
Mutagenesis 
Gene replacement 
Gene replacement 
Gene replacement 
Gene replacement 

Halfter et al., 1992 
Miao and Lam, 1995 
Kempin et al., 1997 
Gallego et al., 1999 
Hanin et al., 2001 
Xiaohui Wang et al., 2001 
Shaked et al., 2005 
Even-Faitelson et al., 2011 

Rice Sur 
Wx 
ADH2 
MET1a 
Waxy 
β1,2-xylosyltransferase 
OsIRE1 

Gene replacement 
Gene replacement 
Gene replacement 
Gene replacement 
Gene replacement 
Gene replacement 
Gene replacement 

Endo et al., 2007 
Terada et al., 2002 
Terada et al., 2007 
Yamauchi et al., 2009 
Ozawa et al., 2012 
Ozawa et al., 2012 
Wakasa et al.  2012 

Lotus  Gln1, Pzf Gene replacement Thykjaer et al., 1997 

Fig. 2. Applications of genome editing in plant cells. Genome editing can be used for various applications, including—but not limited to—interfer-
ence with gene activity by site-specific mutagenesis, replacement of existing alleles with engineered or improved ones, addition of new transgenes to 
predetermined genomic locations, alteration of native gene expression by replacement of regulatory sequences, deletion of native genes or transgenic 
sequences. Blue and purple bars: exons of native genes; brown bar: intron of native gene; yellow circle: native promoter; red bar, exon of transgenic 
gene; green bar, intron of transgenic gene; red circle, transgenic promoter.

TABLE 1

EXAMPLES OF HOMOLOGOUS RECOMBINATION-MEDIATED GENE REPLACEMENT IN MODEL AND CROP PLANTS

APH(3’)II, aminoglycoside 3’-phosphotransferase II; Sur, acetolactate synthase; hpt, hygromycin phosphotransferase; TGA3, a basic leucine zipper (bZIP)-like transcription factor-encoding gene; AGL5, 
agamous-like5 MADS-box gene; CHS, chalcone synthase; PPO, polyphenol oxidase; ADH, alcohol dehydrogenase; Wx, waxy gene encoding starch granule-bound starch synthase; MET, maintenance 
DNA methyltransferase; OsIRE1, The endoplasmic reticulum (ER) stress sensor, IRE1; Gln1, glutamine synthetase; Pzf, gene encoding plant member of the RING-finger family of zinc-binding proteins.
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the basis for this technology, the type of enzymes used today for 
induction of genomic DSBs, the tools and procedures developed 
for rare-cutting restriction enzyme expression in plant cells, and 
examples of successful applications of this technology in genome 
modification of transgenic and native sequences in plant cells.

Gene editing by homologous recombination—a brief 
overview

Genome targeting in plant cells is not a new concept; over two 
decades ago, Paszkowski et al., (1988) reported that DNA mol-
ecules can integrate into the plant genome via HR and not only 
via NHEJ. Since HR-mediated gene insertions are rare events, 
Paszkowski et al., (1988) developed a selection-based method to 
detect them. In this system, the acceptor locus was a mutated, non-
functional, kanamycin resistance-encoding gene (aminoglycoside 
3’-phosphotransferase) which was transformed into the genome 
of tobacco plants. As donor DNA, the authors used plasmid DNA 
which had been linearized and coded for a repair fragment for 
the defective kanamycin resistance-encoding gene. Kanamycin-
resistant plants could thus be recovered upon HR-mediated gene 
correction of the mutated and randomly integrated aminoglycoside 
3’-phosphotransferase-encoding gene. Offringa et al., (1990) used 
Agrobacterium T-DNA molecules and targeted a mutated aminogly-
coside 3’-phosphotransferase-encoding gene in transgenic tobacco 
plants. The targeting of transgenic sequences was next extended 
to native sequences, as Lee et al., (1990) targeted the SurA and 
SurB genes in tobacco. Genome editing by HR was not limited to 
selection genes and Miao and Lam (1995) targeted the TGA3 (a 
basic leucine zipper-like transcription factor) locus in Arabidopsis 
using a unique vector engineered to carry a kanamycin-resistance 
gene placed between two regions homologous to the TGA3 genomic 
sequence and a GUS-expression cassette which was placed out-
side the region of homology. This experimental system enabled the 
selection of either targeted or non-targeted calluses by kanamycin 
resistance and discriminating between non-targeted (GUS-positive) 
and targeted (GUS-negative) calluses. Similarly, Kempin et al., 
(1997) targeted the AGL5 MADS-box gene in Arabidopsis, Hanin 
et al., (2001) targeted the protoporphyrinogen oxidase-encoding 
gene in Arabidopsis and Endo et al., (2007) targeted an ALS (ac-
etolactate synthase)-encoding gene in rice. Overall, relying on the 
cell’s natural HR DNA-repair pathway was shown feasible (Table 
1), but the frequency of targeting was very low and the selection 
of recombination events was tedious and difficult.

Two different approaches have been taken to overcome the low 
natural frequency of HR-mediated gene targeting in plants. The first 
calls for modulating the plant’s DNA-repair pathway by expressing 
heterologous or native DNA-repair genes or by interfering with the 
function of native DNA-repair genes (Table 1). Reiss et al., (2000) 
produced RecA-overexpressing transgenic tobacco plants and 
demonstrated that this key bacterial recombination protein can 
indeed affect sister chromatid exchange. However, this protein 
did not enhance HR-mediated gene targeting in the transgenic 
plants. Increased intrachromosomal and extrachromosomal re-
combination was also observed in plants overexpressing RuvC (a 
bacterial protein involved in resolving Holliday junctions) (Shalev et 
al., 1999), but the effect of this protein on gene targeting was not 
determined. In other reports, MIM [hypersensitive to methyl meth-
anesulfonate (MMS), irradiation and mitomycin C] mutant plants 

and MIM-overexpressing plants exhibited decreased and increased 
intrachromosomal HR recombination rates, respectively (Mengiste 
et al., 1999), and plants mutated in rad50 and CAF-1 (chromatin 
assembly factor) exhibited increased intrachromosomal HR rates 
(Gherbi et al., 2001; Endo et al., 2006). The possible effect of these 
proteins on gene targeting in plant cells still needs to be studied. 
More recently, overexpression of RAD54 (a chromatin-remodeling 
gene) from yeast in Arabidopsis plants was shown to significantly 
improve the rate of HR-mediated gene targeting (Shaked et al., 
2005; Even-Faitelson et al., 2011).

The second approach adopted to address the low frequency 
of HR in plant cells was to develop novel transformation vectors 
which enable discriminating between random and site-specific in-
tegration events. The method, dubbed positive–negative selection 
scheme, depended on the use of two selection markers: one for 
the detection of all successful integration events (positive selection 
gene) and the other for the elimination of random integration events 
(negative selection gene). The system was deployed by Thykjaer 
et al., (1997), who used a combination of nptII and codA genes 
for positive and negative selection, respectively, for the targeting 
of Gln1 and Pzf in lotus plants (Table 1) and by Xiaohui et al., 
(2001), who used the combination of htp and codA genes to target 
the alcohol dehydrogenase (ADH)-encoding gene in Arabidopsis. 
Positive–negative transformation vectors have been proven viable 
for genome editing of crop and not just model plants. Terada et 
al., (2002) were the first to report on efficient gene replacement 
in rice plants, using a combination of hygromycin-resistance and 
DT-A (Diphtheria toxin A) fragment-encoding genes. In successive 
reports, the ADH2-encoding gene (Terada et al., 2007), the MET1a 
promoter (Yamauchi et al., 2009) and the OsIRE1 locus (Wakasa 
et al., 2012) were also targeted in rice (Table 1). The latter enabled 
investigating the endoplasmic reticulum in cellular signaling in rice, 
by replacing the native sequence with two different types of mis-
sense alleles, thus demonstrating the importance and suitability 
of this system for plant research (Wakasa et al., 2012). One clear 
advantage of the positive–negative selection method is that it can 
potentially be easily adapted to plant species for which a transfor-
mation system has been developed. We have yet to witness the 
development of additional types of transformation vectors and the 
expansion of this approach to other plant species. 

The two main approaches discussed above, i.e. modulating the 
plant’s DNA-repair mechanisms and the use of novel transforma-
tion vectors and selection schemes, have enabled the production 
of various targeted plants (Table 1). Yet, as discussed in various 
reviews (e.g. Hohn and Puchta, 1999; Puchta, 2003; Weinthal et al., 
2010; Vainstein et al., 2011; Tzfira et al., 2012), gene targeting in 
plants cells is still considered an art form which is far from routine. 

Stimulation of the DNA-repair machinery by induction 
of genomic DSBs

Genomic DSBs, which can occur during the lifetime of virtually 
every living cell, can be repaired by two main mechanisms: HR and 
NHEJ. When corrected by HR, the native gene can be replaced by 
sister chromatids, while preserving the accuracy and integrity of the 
genome. DSB repair by NHEJ, on the other hand, is subject to higher 
error rates and often results in nucleotide changes, replacement and 
even deletions at the corrected break site. Studies have shown that 
to maintain their genome accuracy, cells typically respond to DSB 
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induction by activating their HR mechanisms. Indeed, induction of 
DNA damage by physical (e.g. X-ray) or biological (e.g. excision 
of transposable elements) means can enhance intrachromosomal 
HR in plant cells (Tovar and Lichtenstein, 1992; Xiao and Peter-
son, 2000). More importantly, expression of endonucleases (e.g. 
HO and I-SceI) has also been shown capable of inducing DSBs 
and enhancing intrachromosomal and extrachromosomal HR in 
plant cells (Chiurazzi et al., 1996; Orel et al., 2003). Naturally, 
induction of DSBs by endonucleases (e.g. I-SceI or I-CeuI) also 
leads to site-specific mutagenesis, most likely by NHEJ-mediated 
repair of the break sites as shown, for example, by Salomon and 
Puchta (1998); however more importantly, it also leads to NHEJ-
mediated capture of foreign DNA molecules in the break sites 
(Salomon and Puchta, 1998; Chilton and Que, 2003; Tzfira et al., 
2003). Thus, it was shown that in principle, expression of restriction 
enzymes can lead to a variety of genomic modifications in plant 
cells and be harnessed for various applications, as exemplified in 
Fig. 2. The materialization of this concept and its application for 
targeting native genes in various plant species and for different 
biotechnological applications were made possible only after the 
development of ZFNs and other types of rare-cutting restriction 
enzymes as reagents for site-specific induction of genomic DSBs 
(Weinthal et al., 2010; Vainstein et al., 2011; Curtin et al., 2012; 
Tzfira et al., 2012). 

Induction of genomic DSBs—enzymes and assays

The development of rare-cutting restriction enzymes paralleled 
that of experimental approaches to analyze their activity and tools 
for their delivery into target cells and tissues. Both stable and 
transient expression systems have been used for the delivery of 
rare-cutting restriction enzymes into target cells, and optimal de-
livery and expression levels of the enzyme have been suggested 

to be critical for efficient targeting in plants. Those who wish to 
adapt rare-cutting restricting enzymes to genome editing in plant 
cells can potentially select from three different types of restriction 
enzyme: homing endonucleases, ZFNs and TALENs. Homing 
endonucleases recognize only a few, if any, sites in the genome 
of various plant species (Hafez and Hausner, 2012). These endo-
nucleases are usually very specific and their use in plant cells has 
been mostly for the targeting of transgenic sequences (e.g. Puchta, 
1998; Salomon and Puchta, 1998; Chilton and Que, 2003; Tzfira 
et al., 2003; Yang et al., 2009 and Table 2). The main drawback 
of homing endonucleases is the very small portfolio of natural 
restriction enzymes and the difficulties involved in re-engineering 
those enzymes for novel specificities (Arnould et al., 2011). Unlike 
homing endonucleases, which are naturally occurring rare-cutting 
restriction enzymes, ZFNs are artificial restriction enzymes. ZFNs 
consist of a synthetic DNA-binding domain which is fused to the 
DNA-cleavage domain of the restriction enzyme FokI (Durai et al., 
2005). ZFNs can be artificially designed to recognize extremely 
long, unique DNA sequences (Durai et al., 2005), and users of this 
technology can select from various methods for the construction of 
their rare-cutting restriction enzymes. These include “modular as-
sembly” (Wright et al., 2006; Ramirez et al., 2008), the oligomerized 
pool engineering (OPEN) strategy (Maeder et al., 2008, 2009) and 
the context-dependent assembly method (Sander et al., 2011). The 
development of ZFNs marked the turning point in genome editing 
of plant cells and many plant species and various genes have been 
targeted using this technology (Table 2). Similar to ZFNs, TALENs 
are also artificial restriction enzymes. The DNA-binding domain in 
TALENs is based on transcription activator-like effectors (Cermak 
et al., 2011; DeFrancesco, 2011; Hockemeyer et al., 2011; Li et 
al., 2011b; Mahfouz et al., 2011; Mussolino et al., 2011; Wood et 
al., 2011) and the cleavage domain is similar to that used in ZFNs, 
i.e. the DNA-cleavage domain of the restriction enzyme FokI. 

Species Target Enzyme Outcome References 

Tobacco Transgene 
Transgene 
Transgene 
Transgene 
Transgene 
Transgene 
Transgene 
CHN50 
SuRA, SuRB 
Hax3-box 

I-SceI 
I-CeuI 
I-SceI 
ZFN 
ZFN 
ZFN 
ZFN 
ZFN 
ZFN 
TALEN 

Site-specific NHEJ-mediated integration 
NHEJ-mediated integration 
NHEJ-mediated integration 
Site-specific mutagenesis 
Transgene removal  
Site-specific mutagenesis 
NHEJ-mediated transgene replacement 
HR-mediated integration 
HR-mediated integration 
Site-specific mutagenesis 

Salomon and Puchta, 1998 
Chilton and Que, 2003 
Tzfira et al., 2003 
Tovkach et al., 2009 
Petolino et al., 2010 
Marton et al., 2010  
Weinthal et al., 2013 
Cai et al., 2009 
Townsend et al., 2009 
Mahfouz et al., 2011 

BY2 Transgene ZFN HR-mediated integration  Cai et al., 2009 

BY2 CHN50 ZFN HR-mediated integration Cai et al., 2009 

Arabidopsis Transgene 
Transgene 
Transgene 
Transgene 
Transgene 
Transgene 
ADH1 
ADH1, TT4 
ABI4 

ZFN 
ZFN 
ZFN 
ZFN 
ZFN 
PB1 
TALEN 
ZFN 
ZFN 

Site-specific mutagenesis 
Site-specific mutagenesis 
Site-specific mutagenesis 
Transgene removal 
Site-specific mutagenesis, HR-mediated integration 
Transgene removal 
Site-specific mutagenesis 
Site-specific mutagenesis of two alleles 
Site-specific mutagenesis, heritable mutation 

Lloyd et al., 2005 
Tovkach et al., 2009 
Even-Faitelson et al., 2011 
Weinthal et al., 2013 
de Pater et al., 2009 
Antunes et al., 2012 
Cermak et al., 2011 
Zhang et al., 2010 
Osakabe et al., 2010 

Maize IPK1 
LG1 promoter 

ZFN 
I-CreI 

HR-mediated integration 
Site-specific mutagenesis, heritable mutation 

Shukla et al., 2009 
Gao et al., 2010 

Petunia Transgene ZFN Site-specific mutagenesis Marton et al., 2010  

Soybean Transgene ZFN Site-specific mutagenesis Curtin et al., 2011 

 DCL, RDR, HEN 
DCL4b 

ZFN 
ZFN 

Site-specific mutagenesis 
Site-specific mutagenesis, heritable mutation 

Curtin et al., 2011 
Curtin et al., 2011 

TABLE 2

EXAMPLES OF RESTRICTION ENZYME-MEDIATED GENOME EDITING IN PLANTS

CHN50, endochitinase; ADH, alcohol dehydrogenase; TT4, transparent testa4; ABI4, ABA-insensitive 4; IPK, inositol 1,3,4,5,6-pentakisphosphate 2-kinase; LG1, Liguleless 1; DCL, dicer-like; RDR, 
RNA-dependent RNA polymerase; HEN, hua enhancer.
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Here too, users of this technology can employ various methods 
for engineering and construction of their preferred TALENs (Li et 
al., 2011b; Li and Yang, 2013; Sakuma et al., 2013; Uhde-Stone 
et al., 2013) or use the design and assembly services of various 
companies. Similar to ZFNs, TALENs have been quickly adapted 
for genome engineering of both native and transgenic sequences 
in various plant species (Table 2). For a further discussion on the 
design and assembly of rare-cutting restriction enzymes, we refer 
the readers to the following reviews and research papers: Wright 
et al., (2006), Maeder et al., (2008, 2009), Ramirez et al., (2008), 
Cermak et al., (2011), Li et al., (2011b), Mahfouz et al., (2011), 
Sander et al., (2011), Li and Yang (2013), Sakuma et al., (2013), 
Uhde-Stone et al., (2013).

With the development of rare-cutting restriction enzymes came 
the development of various assays to validate and verify their 
activity. The simplest way to examine the activity of any restriction 
enzyme is to test whether it can digest its target sequence in vitro 
while remaining inactive toward non-specific sequences (Mani et al., 
2005). Additional assays which validate the activity of rare-cutting 
restriction enzymes in the context of living cells also exist. The in-
vivo gfp-repair assay, for example, tests the activity of rare-cutting 
restriction enzymes in the context of chromosomally amended 
transgenes in mammalian cells by HR-mediated reconstruction of 
a defective gfp carrying a ZFN target site (Porteus and Baltimore, 
2003). This and other reporter-reconstruction-based assays (Doyon 
et al., 2008; Shukla et al., 2009; Townsend et al., 2009) have been 
used to validate enzymes used for targeting of the inositol-1,3,4,5,6-
pentakisphosphate 2-kinase (IPK)-encoding gene IPK1 (Shukla 
et al., 2009) and the ALS-encoding genes (SuRA and SuRB) 
(Townsend et al., 2009), as well as for analyses of various TALENs 
(Christian et al., 2010; Cermak et al., 2011; Li et al., 2011a). Other 
plant-specific assays have also been developed. Reconstruction of 
GFP, phosphinothricin N-acetyltransferase, defective NPTII, and 
GUS have all been used to detect rare-cutting restriction enzyme 
activity in plants (e.g. Wright et al., 2005; Cai et al., 2009; Shukla 
et al., 2009; Tovkach et al., 2009). Exemplified in Fig. 3 is one of 
the assays developed by Tovkach et al., (2009). In this assay, the 
activity of a rare-cutting restriction enzyme is monitored in living 
plant cells by activation of a mutated gus gene. 

Molecular analysis of targeting events is essential to providing 
clear and solid evidence of the precision, nature and stability of 
the targeted genome. One approach relies on PCR analysis of 
a pool of DNA molecules derived from a targeting experiment in 
which the transgenic target carries a site for a type-II restriction 
enzyme (Lloyd et al., 2005). In another approach, the rare-cutting 
restriction enzyme activity is detected by analysis of fragment 
polymorphism among DNA fragments which have been amplified, 
denatured, re-annealed and digested by the endonuclease CEL 
1. The assay was originally developed for use in animal and hu-
man cell lines and was adapted and modified using the Surveyor 
nuclease for analysis of experiments targeting the ABI4 gene in 
Arabidopsis (Osakabe et al., 2010). Naturally, DNA sequencing 
is highly instrumental for the detection and characterization of 
targeting events. Pyrosequencing in particular is very useful for 
the detection of size polymorphism which may derive from site-
specific mutagenesis at the target site, as shown, for example, in 
targeted tobacco protoplasts and cultured maize cells (Shukla et 
al., 2009; Townsend et al., 2009).

Induction of genomic DSBs — enzyme expression 
systems

Rare-cutting restriction enzyme cassettes can potentially be 
expressed in target cells using various transformation methods (e.g. 
Agrobacterium, biolistics and polyethylene glycol). It is important 
to note that since most ZFNs and TALENs are composed of two 
distinct monomers, their expression in target cells calls for the use 
of dual-gene transformation vectors, bicistronic transformation vec-
tors or co-transformation of two independent expression cassettes. 
Furthermore, in some applications (i.e. gene replacement and gene 
insertion), another vector, serving as a donor DNA molecule, may 
also be used. Salomon and Puchta (1998), who were the first to 
demonstrate the use of rare-cutting restriction enzymes for site-
specific integration, used transient Agrobacterium-mediated genetic 
transformation for expression of their I-SceI homing endonuclease 
in plant cells. They observed that the same type of T-DNA molecule 
(i.e. the T-DNA designed for I-SceI expression) integrated into the 
DSB site, providing experimental evidence for the applicability of 

Fig. 3. Restriction enzyme-mediated reporter-gene reconstruction as-
say in plant cells. The assay enables the detection of restriction enzyme 
activity in living plant cells and is based on combining a mutated GUS-
expression cassette in transgenic tissue or a transgenic plant with transient 
or stable expression of the restriction enzyme in the plant. Shown here 
is a partial sequence of the mutated GUS-encoding sequence, in which a 
stop codon was encoded within the rare-cutting restriction enzyme (e.g. 
ZFN) target site (highlighted in green). Upon cleavage of the target site, 
the plant’s NHEJ repair system can lead to re-activation of a functional 
GUS-encoding sequence by elimination of the stop codon. When deployed 
in transgenic plants, expression of the rare-cutting restriction enzyme can 
be controlled by an inducible promoter (e.g. heat-shock-induced promoter), 
which enables determining the rare-cutting restriction activity in various 
cells, tissues and organs during plant development. Panels reproduced 
from Tovkach et al., (2011).
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this approach to site-specific integration. This approach was later 
adopted by Chilton and Que (2003) and Tzfira et al., (2003), who 
used a combination of two T-DNA molecules: one serving as the 
expression cassette of the homing endonuclease, and the other as 
a donor T-DNA molecule for site-specific integration experiments 
in tobacco plants. More recently, Weinthal et al., (2013) used the 
combination of ZFN expressing T-DNA with a donor, promoterless 
T-DNA molecule to demonstrate the applicability of this approach 
for NEHJ-mediated gene replacement in tobacco and Arabidop-
sis plants. It is worth noting that NHEJ-mediated site-specific 
T-DNA integration is a relatively efficient process (Tzfira et al., 
2003; Weinthal et al., 2013), most likely because the T-DNA is 
actively directed to genomic DSBs during transformation (Tzfira 
et al., 2004; Dafny-Yelin et al., 2009). Adapting this approach for 
NHEJ-mediated gene insertion into native sites and for native gene 
replacement may require the expression of two distinct ZFN or 
TALEN monomers. This can be achieved, for example, by using 
a multigene plant transformation system which has been adapted 
for co-expression of several ZFN monomers from a single T-DNA 
molecule (Tovkach et al., 2010).

Co-transformation is also instrumental for HR-mediated gene-
replacement experiments. Wright et al., (2006), for example, tran-
siently transformed transgenic tobacco protoplast with two plasmids: 
one which carried a donor DNA and the other, a ZFN-expression 
cassette. The transgenic tobacco protoplasts were engineered to 
carry a non-functional reporter gene, which was corrected upon 
digestion by the ZFN and HR-mediated insertion of the donor DNA. 
Similarly, Cai et al., (2009) used co-transformation for targeting 
experiments in BY2 cells, where the donor DNA integrated by HR 
into specific transgenic (disabled gfp and pat genes) and native 
(endochitinase gene CHN50) genomic sites. For targeting of the 
transgenic sequences, the authors used a single ZFN monomer-
expression cassette which was co-transformed with a donor DNA 
molecule. For targeting of the native CHN50, the authors had to 
deliver two ZFN monomers together with a donor DNA molecule. 
To this end, 2A sequence was used to separate the sequences of 
the CHN50 ZFN monomer coding sequences and to deliver them 
as a single transcript from a single plant expression cassette. The 
advantage of this approach over the use of dual, independent 
ZFN-expression cassettes is that it enables maintaining a molar 
ratio of both ZFN monomers in the transformed cells. 

Co-transformation was later adapted for delivery of ZFN mono-
mers in experiments targeting the ALS-encoding genes SuRA and 
SuRB in tobacco (Maeder et al., 2008, 2009), ZFN monomers in 
targeting experiments in soybean (Curtin et al., 2011), targeting 
IPK in maize plants (Shukla et al., 2009) and more. In the latter 
experiments, two different types of donor DNA molecule were 
constructed. The autonomous donor molecules carried a fully 
functional selection marker gene (i.e. a pat-expression cassette), 
while the non-autonomous donor molecules were constructed 
with a promoterless selection gene. The latter required functional 
trapping, by HR, of the pat reporter gene by the IPK promoter 
and resulted in a higher number of HR-mediated targeting events 
than with the autonomous donor molecules (Shukla et al., 2009). 
Worth noting is that transformed calluses derived from random 
integration events carried multiple insertions across their genome, 
while targeted calluses often contained a single insertion event, 
derived from HR-mediated gene replacement. Since foreign DNA 
molecules may be actively directed to genomic DSBs (Tzfira et al., 

2004; Dafny-Yelin et al., 2009), we suggest that random integration 
events derived from cells which were genetically transformed by 
donor and not by ZFN-expressing DNA. Alternatively, if the trans-
formation of both ZFN-expressing DNA and donor DNA occurred 
at the same efficiencies, the ZFN expression levels might not have 
been sufficient to produce long-lived DSB sites. 

A possible solution to overcoming the low expression levels of 
rare-cutting restriction enzymes in target cells is to use a trans-
genic approach for their expression. This approach was adopted 
in the pioneering report of Lloyd et al., (2005), who targeted a 
transgenic sequence in Arabidopsis plants. More specifically, the 
authors used a heat-shock promoter to control the expression of 
their ZFNs in transgenic Arabidopsis plants. Induction of 10-day-
old plants resulted in the development of mutated and chimeric 
inflorescence stems and molecular analysis revealed that these 
mutations resulted from site-specific mutagenesis, which most 
likely occurred in early-stage L2 cells of the shoot apical meristem. 
Interestingly, only roughly 10% of the seedlings derived from heat-
shocked plants were mutated, even though the parental lines were 
transgenic. Similarly, Tovkach et al., (2009), who adapted the heat-
shock induction approach in their whole-plant DNA-repair assay, 
also observed that only a fraction of the transgenic plant cells were 
mutated, as determined by reconstruction of GUS activity (Fig. 3). 

Other types of inducible and constitutive promoters have been 
used in attempts to increase the gene-targeting rates in trans-
genic plants. de Pater et al., (2009), for example, used transgenic 
Arabidopsis plants in which the rare-cutting restriction enzymes 
(i.e. ZFNs) are stably expressed under the control of the Rps5 
tissue-specific, tamoxifen-inducible, and constitutive 35S promot-
ers. The plants were also engineered to carry a transgenic target 
site, composed of functional pat and gfp genes. Interestingly, even 
when the strong and constitutive 35S promoter was used, only 2% 
of the transgenic cells were mutated (de Pater et al., 2009), which 
led to the suggestion that tissue-specific may be more suitable 
for HR-mediation-based targeting experiments. Indeed, using 
donor T-DNA which was designed with homology regions to the 
transgenic site and Rps5-ZFN-transgenic plants (in which the ex-
pressed ZFN is active in early embryonic tissues), de Pater et al., 
(2009) successfully achieved HR-mediated gene replacement in 
Arabidopsis plants, albeit at a very low frequency. The importance 
of expression levels was later demonstrated by Zhang et al., (2010) 
who used an estrogen-inducible promoter to control the expression 
of ZFNs designed to target the native ADH1 and TT4 genes in 
Arabidopsis. The dual dimer ZFNs were expressed from a single 
transcript, fused to each other by the T2A peptide. Mutated plants 
were recovered from 17b-estradiol-induced transgenic plants and 
relatively high percentages of the plants were mutated in one or 
two alleles of each gene. The high rates were attributed, in part, 
to the activity of the 17b-estradiol promoter, which was reported to 
be stronger than the constitutive 35S promoter (Zuo et al., 2000). 
The 17b-estradiol-induced promoter was also used in targeting 
experiments in soybean (Curtin et al., 2011). More specifically, ZFN-
expressing transgenic soybean plants were produced and plantlets, 
in which the DLC4a or DLC4b genes were mutated, were allowed 
to recover upon addition of 17b-estradiol during in-vitro culturing. 
Since these plants were either heterozygous or chimeric for the 
mutated alleles, they developed and set seed, and homozygous 
and heterozygous ZFN-free DLC4b mutant lines were recovered. 
Other types of promoters were used for targeting experiments in 
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plants. The strong and constitutive ubiquitin promoter was used 
in transgenic maize to control the expression of two homing endo-
nuclease I-CreI monomers, designed for targeting of the native LG1 
promoter (Gao et al., 2010). The egg-cell-specific promoter EASE 
was used for site-specific mutagenesis of transgenic sequences 
in transgenic Arabidopsis plants (Even-Faitelson et al., 2011). The 
heat-shock-inducible promoter was used for production of mutated 
abi4 Arabidopsis plants (Osakabe et al., 2010) and the strong 35S 
promoter was used for deletion of the GUS gene in transgenic 
tobacco plants (Petolino et al., 2010). 

Transient and stable gene-expression systems have been 
shown useful for targeting different genes in various plant species. 
It is worth noting, however that in most cases, the expression of 
rare-cutting restriction enzymes has been limited to one or two 
monomers, while more complex applications (e.g. deletion of 
chromosomal fragments, mutation of several closely related al-
leles or NHEJ-mediated native gene replacements) may call for 
expression of several monomers. This can be achieved by produc-
ing transgenic plants in multiple rounds of transformation (Dafny-
Yelin and Tzfira, 2007; Naqvi et al., 2010), by using polyprotein 
vectors (Halpin et al., 1999; El Amrani et al., 2004) or multigene 
vectors (Tovkach et al., 2010). A dedicated plant ZFN-expression 
system, which enables the expression of up to four independent 
ZFN monomers, was developed by Tovkach et al., (2009). The 
system can be easily adapted for transient or stable expression 
of TALENs or homing endonucleases under the control of various 
promoters and selection markers.

Virus-aided gene expression (VAGE) and production of 
non-transgenic targeted plants 

Gene replacement and targeted gene insertion rely on the de-
livery of donor DNA into plant cells while other applications (e.g. 
site-specific mutagenesis and gene deletion) depend solely on the 
expression of rare-cutting restriction enzymes (Fig. 2). Yet, while 
donor-free targeting applications can potentially yield targeted 
plants that are free of foreign DNA, these plants may still be clas-
sified as transgenic if direct gene-transfer methods were used for 
expression of the rare-cutting restriction enzymes. In a unique ap-
proach, Marton et al., (2010) developed a viral-based expression 
system for efficient delivery of rare-cutting restriction enzymes to 
plant cells. VAGE systems, which can be based on DNA or RNA 
viruses, rely on the virus’s ability to replicate, spread from cell to 
cell and across different tissues and organs, and express genes 
in all infected cells (Matoba et al., 2011). The system of Marton 
et al., (2010) makes use of tobacco rattle virus (TRV)-based vec-
tors. Several vectors were designed to facilitate the transport of 
single- and dual-monomer restriction enzymes from a single or 
two independent promoters (Fig. 4). The authors demonstrated 
that transient ZFN expression from such viral vectors can facilitate 
site-specific mutagenesis in plant cells, as demonstrated by recon-
struction of mutated GUS in transgenic tobacco and petunia cells 
(Fig. 4). The advantages of viral-based vectors over transient and 
stable gene-transfer methods are numerous. VAGE often results in 
extremely high protein levels in infected cells. This phenomenon is 
of particular importance for the expression of rare-cutting restriction 
enzymes since low expression levels have been suggested to be 
one of the causes for low targeting efficiency. Thus, for example, 
the high efficiency of ADH1 and TT4 targeting in Arabidopsis was 

attributed, at least in part, to the use of transgenic plants in which 
ZFN expression was controlled by the strong estrogen-inducible 
promoter (Zhang et al., 2010). Further modifications to the pTRV 
vectors, and use of stronger promoters than sgP, may result in 
even higher levels of rare-cutting restriction enzymes, and perhaps 
higher gene-targeting rates. TRV-based vectors can simplify the 
co-delivery of several rare-cutting restriction enzymes into target 
cells. More specifically, Marton et al., (2010) showed that co-
infection of plant cells with two distinct vectors, each designed to 
carry a different reporter gene, results in expression of both report-
ers within the same cells. Thus, by using two viral vectors, each 
with two ZFN monomers, users of this technology can potentially 
deliver two or even more rare-cutting restriction enzymes into the 
target cell. It should be noted that pTRV-based vectors have also 
been found capable of delivering foreign proteins into the plant 
cell’s chloroplasts and mitochondria and can thus potentially be 
used for genome editing of these organelles, by means of rare-
cutting restriction enzymes, as demonstrated, for example, in 
human cells (Minczuk et al., 2008). Third, since viral vectors can 
travel from cell to cell and systemically infect their host, their use 
offers a unique strategy which will enable bypassing the need for 
regeneration of new plants in tissue culture as illustrated in Fig. 
5. Indeed, pTRV-based vectors have been reported capable of 
traveling into a wide range of organs, tissues and cells, including 
meristems, growing buds, ovules and other flower parts (Vainstein 
et al., 2011). These vectors can potentially be used for infection of 
whole plants, leading to the development of mutated meristems, 

Fig. 4. pTRV-based vectors for expression of rare-cutting restriction 
enzymes. The vectors were designed to be launched from Agrobacterium 
binary plasmids as T-DNA molecules. Production of the first viral transcript 
is mediated by the constitutive 35S promoter (35sP) and nopaline synthase 
terminator (nosT). Three different types of plasmids were designed to fa-
cilitate the expression of (top) a single gene of interest (GOI) from a single 
promoter (i.e. the sgP constitutive promoter), (centre), two genes (GOI1 and 
GOI2) fused together by a T2A sequence from a single promoter, (bottom) 
two genes (GOI1 and GOI2), from two independent promoters. Image 
modified from Marton et al., (2010). Infection of mature petunia plants with 
pTRV-ZFN vectors leads to the regeneration of mutated primordia, from 
which mutated plantlets can be recovered. The ZFN-mediated mutagenesis 
remains stable, as determined by GUS expression in seedlings derived 
from mutated plantlets. Panels reproduced from Marton et al., (2010).
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fruits and eventually seeds (Fig. 5). 
It is important to note that viral vectors, and in particular pTRV—

an RNA-based vector—do not integrate into the plant genome and 
hence the product of viral-mediated genome-edited plants may be 
classified as non-transgenic. This will likely simplify the introduc-
tion of targeted plants into the market. While the application of 
pTRV vectors for genome editing has been described in petunia 
and tobacco plants, the ability of this vector to infect a wide range 
of plant species (Vainstein et al., 2011) suggests that viral-based 
rare-cutting restriction enzymes can potentially be adapted for 
genome editing in these plant species. 

Future prospects

Plant genome modification is a novel technology which is likely 
to follow in the footsteps of transgenic technology and impact the 
pace of new development in plant biotechnology and agriculture. 
Tremendous progress has been made in the development of the 
basic building blocks for this technology (i.e. rare-cutting restriction 
enzymes) and users can pick and choose from a wide range of 
systems and protocols for assembly, evaluation and analysis of 
ZFNs, TALENs, and other types of rare-cutting restriction enzymes 
(Dreier et al., 2001; Liu et al., 2002; Mani et al., 2005; Arnould et al., 
2006; Carroll et al., 2006; Wright et al., 2006; Sander et al., 2007, 
2011; Maeder et al., 2008; Cermak et al., 2011; Li et al., 2011b; 
Ramalingam et al., 2011; Reyon et al., 2011) and the number of 
plant species whose genome has been modified by such enzymes 
is on the rise (Table 2). 

Several strategies can be deployed for the expression of rare-
cutting restriction enzymes in plant cells. Among these, transient 

gene expression and stable gene expression 
have been the most useful strategies for 
the production of mutated plants. Never-
theless, direct gene-transfer methods are 
likely to render the plant transgenic, placing 
constraints on its use for agricultural ap-
plications. The use of viral-based vectors 
for efficient non-transgenic production of 
genome-modified plants has been proven 
feasible in model (tobacco) and crop (petu-
nia) plants. The use of RNA vectors guaran-

Fig. 5. Non-transgenic genome editing of plant 
cells by viral vectors. Initial infection of the target 
plant by direct gene transfer will lead to system 
infection (shown in red) and development of 
mutated tissues and organs from existing side 
shoots (shown in blue, bottom). These side shoots 
can then be propagated vegetatively, cleaned 
by meristem culture techniques and developed 
into virus-free mutated plants. Alternatively, 
infected leaves can be used as starting material 
for in-vitro regeneration of mutated meristems 
(top) from which plantlets can be developed and 
cleaned. Mutated side shoots can also be allowed 
to develop, flower and set seed (center). These 
seeds can then be germinated and develop into 
virus-free, mutated plants, without the need for 
tissue-culture steps. Image reproduced from 
Vainstein et al., (2011) with permission.

tees that mutated plants obtained by this technology will be free 
of any contaminating foreign DNA; they are likely to be classified 
as non-transgenic and to significantly impact the introduction of 
rare-cutting restriction enzyme technology into agricultural crops.
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