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    Chapter 1   
 Double-Strand Break Repair and Its 
Application to Genome Engineering in Plants 

             Holger     Puchta      and     Friedrich     Fauser     

    Abstract     The induction of double-strand breaks (DSBs) is the basis for the 
targeted modifi cation of plant genomes. At the same time, the effi cient repair of 
DSBs is important for the survival of all organisms. To effi ciently employ DSB 
repair for genome manipulation using synthetic nucleases, detailed knowledge of 
the repair process is required. Many aspects of the mechanisms and factors involved 
in DSB repair have been elucidated in plants over the last two decades. Here, we 
seek to summarize our current knowledge about the process of DSB repair via non-
homologous end joining (NHEJ) as well as homologous recombination (HR) and 
place this knowledge in the context of strategies applied for genome engineering in 
plants. While the induction of a unique DSB is generally suffi cient for editing single 
genes, the induction of multiple DSBs can be applied for the engineering of 
genomes. There is no question that the controlled induction of DSBs exhibits great 
potential for restructuring plant genomes.  

      Over the last several years, genome manipulation has been revolutionized by the 
development of different types of site-specifi c nucleases for the controlled induc-
tion of double-strand breaks (DSBs). This development has especially signifi cant 
consequences for organisms in which gene targeting (GT) has not been established 
as a feasible technique. While in many species, such as bacteria or yeast, homolo-
gous sequences must be included in a DNA sequence to achieve integration into the 
genome, random integration of any type of DNA takes place in most multicellular 
eukaryotes. The establishment of GT in mouse embryonic stem cells represented a 
major breakthrough (Doetschman et al.  1987 ; Thomas and Capecchi  1987 ), allow-
ing not only the knockout of any gene of interest but also various types of controlled 
genome rearrangements by means of site-specifi c recombinases (for a recent review, 
see Turan and Bode  2011 ). Unfortunately, in many other eukaryotes, GT has not 
been established at a feasible integration frequency despite decades of attempts 
(for a review of the situation in plants, see Puchta and Fauser  2013 ). 
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1     DSB Induction as a Tool for Genome 
Manipulation in Plants 

 It has long been established in yeast that homologous recombination (HR) can be 
enhanced by the induction of DSBs at specifi c positions in the genome, which 
occurs in a controlled manner during mating type switching (for a review, see 
Paques and Haber  1999 ). The fi rst indications that DSB induction might also lead to 
enhanced HR frequencies in plants came from studies involving DNA transposons 
in maize (Athma and Peterson  1991 ). An important step in the analysis of DSB 
repair in plants was the use of site-specifi c endonucleases, such as the homing endo-
nuclease I-SceI (Perrin et al.  1993 ). I-SceI contains an 18-mer recognition site and 
was originally isolated from yeast mitochondria. The I-SceI ORF integrates itself 
into the mitochondrial 21S rRNA gene by inducing a DSB. This DSB is repaired via 
HR using a copy of the 21S rRNA gene as a matrix that already includes the I-SceI 
ORF as an intron. Thus, I-SceI is able to disseminate in the mitochondrial DNA 
pool (Jacquier and Dujon  1985 ). The demonstration that I-SceI can induce DSBs in 
plant cells in vivo (Puchta et al.  1993 ) showed that a tool was available to the plant 
community that not only enables various analyses of the basic mechanism of DSB 
repair but can also be used for genome manipulations. Although other site-specifi c 
nucleases have been applied for this purpose (Chilton and Que  2003 ; Chiurazzi 
et al.  1996 ), I-SceI remained the gold standard for studies on DSB repair in plants 
for quite some time. Transgenic plant lines were produced for homing endonuclease- 
induced repair experiments that contained an artifi cial I-SceI site coupled to marker 
gene sequences within a transgene. Experiments were designed in such a way that 
the marker was restored due to DSB repair after DSB induction (in some cases, a 
negative marker gene was also destroyed). As marker restoration was coupled 
mostly to only one specifi c type of repair reaction, the respective repair effi ciencies 
could be determined. Moreover, when selection markers were used, the recombi-
nant cells could be isolated and propagated, and the genetic changes could be ana-
lyzed in detail at the genome level. Using I-SceI, a proof of principle experiment 
could be performed showing that by inducing DSBs at a specifi c site in the genome, 
GT can be enhanced by orders of magnitude (Puchta et al.  1996 ). Interestingly, it 
was also demonstrated that even without the use of homologous sequences, a 
T-DNA can integrate into an endonuclease-induced DSB (Salomon and Puchta 
 1998 ; Chilton and Que  2003 ; Tzfi ra et al.  2003 ). 

 As discussed in detail in other chapters of this volume, different types of artifi cial 
nucleases have been developed over the years and applied more recently for genome 
engineering in plants. We will not discuss the characteristics of these different 
classes of enzymes in any detail here but will refer the reader to the respective chap-
ters on meganucleases (MNs, Chap.   2    ), zinc fi nger nucleases (ZFNs, Chap.   3    ), tran-
scription activator-like effector nucleases (TALENs, Chap.   4    ), and the CRISPR/Cas 
system (Chap.   5    ) as well as to a series of recent reviews in the literature (Gaj et al. 
 2013 ; Tzfi ra et al.  2012 ; Voytas  2013 ; Puchta and Fauser  2014 ). In 2005, the group 
led by Dan Voytas was able to demonstrate that an artifi cial locus in the tobacco 
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genome could be targeted using a ZFN with high effi ciency (Wright et al.  2005 ). 
Four years later, the fi rst reports related to targeting natural genes were published by 
Dan Voytas for tobacco (Townsend et al.  2009 ) and by scientists at Dow AgroScience 
for maize (Shukla et al.  2009 ). Additionally, using ZFNs, it could be demonstrated 
by inducing DSBs—fi rst in a transgenic sequence (Lloyd et al.  2005 ) and later in 
natural genes (Osakabe et al.  2010 ; Zhang et al.  2010 )—that error-prone repair 
often results in a loss of gene function. Subsequently, it was also demonstrated that 
TALENs (Shan et al.  2013a ; Mahfouz et al.  2011 ; Zhang et al.  2013 ) and engineered 
homing endonucleases (D’Halluin et al.  2013 ) as well as the CRISPR/Cas system 
(Li et al.  2013 ; Nekrasov et al.  2013 ; Shan et al.  2013b ; Fauser et al.  2014 ; Feng 
et al.  2014 ; Zhang et al.  2014 ) can be used in a similar manner for these types of 
genome manipulations in plants. 

 To better understand the basis of DSB-induced genome engineering in plants, it 
is important to understand the mechanism of DSB repair in detail. There are two 
principle ways in which such repair occurs: via HR or via nonhomologous end join-
ing (NHEJ). While in the former pathway, the reaction takes place between 
sequences that are totally or at least nearly identical to each other, in the latter, the 
sequence information does not play a major role in the rejoining of the two double 
strands. Interestingly, there are several mechanisms of HR and NHEJ that can be 
differentiated. Below, we seek to describe these mechanisms in detail and to sum-
marize current knowledge regarding factors that are involved in these pathways 
(for reviews, see also Waterworth et al.  2011 ; Lieberman-Lazarovich and Levy 
 2011 ; Puchta  2005 ).  

2     Mechanisms of DSB Repair Involving 
Homologous Sequences 

 In principle, there are three main mechanisms of DSB repair involving the use of a 
homologous template: single-strand annealing (SSA), synthesis-dependent strand 
annealing (SDSA), and the so-called double-strand break repair (DSBR) model. 
DSBR is a prominent mechanism for meiotic recombination (Osman et al.  2011 ). 
In yeast, there are indications that DSBR also operates in somatic cells, although at 
a low frequency (Bzymek et al.  2010 ). While in SDSA and DSBR, the homologous 
repair template can be supplied in  cis  or  trans , in the case of the SSA mechanism, 
recombination only occurs between two directly repeated homologous sequences. 
These homologies are generally in close proximity on the same chromosome. 
All three pathways are depicted in Fig.  1.1 .  

 Following DSB induction in all pathways, single-stranded overhangs are pro-
duced via exonuclease-catalyzed resection. In SSA, both ends of the break must 
carry complementary sequences. These molecules can then directly anneal to one 
another, and a chimeric DNA molecule is formed. If this molecule contains 3′-over-
hangs, the respective parts of the sequence will be trimmed; otherwise,  single- stranded 
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  Fig. 1.1    Double-strand break (DSB) repair mechanisms. DSBs can be repaired either via homolo-
gous recombination (HR) or nonhomologous end joining (NHEJ). In principle, DSB repair via HR 
occurs via one of three main mechanisms: the single-strand annealing (SSA), synthesis-dependent 
strand annealing (SDSA), and double-strand break repair (DSBR) model. A model to explain the 
dissolution of a double Holliday junction (dHJ) was also added. Following the induction of a DSB 
( II ), the cell must choose between NHEJ ( III ) and HR ( IV – XII ). Figure  1.4  depicts the NHEJ path-
way in detail. In the case of HR-mediated DSB repair, single-stranded overhangs are produced via 
exonuclease-catalyzed resection ( IV ). In line with the SSA pathway ( V ), direct annealing of two 
single-stranded molecules can occur when complementary sequences are present at both ends of 
the break. After annealing, 3′-overhangs are trimmed, and single-stranded gaps are fi lled through 
DNA synthesis. Sequence information that is fl anked by the homologies is lost. Therefore, SSA is 
also classifi ed as a nonconservative HR-mediated DSB repair mechanism. In the case of the con-
servative HR pathways, a 3′-end invasion into a homologous double strand takes place, resulting 
in a D-loop ( VI ). Repair synthesis is initiated using the homologous strand as a matrix ( VII ). In 
contrast to DSBR and dHJ dissolution, SDSA only copies genetic information from the homolo-
gous matrix to the invaded single strand, generally leading to noncrossover (NCO) events follow-
ing re-hybridization with the other end of the break ( VIII ). Once DNA synthesis occurs at the other 
broken end ( IX ,  X ), a dHJ is formed. This dHJ can either be resolved (in the case of DSBR) or 
dissolved (in the case of dHJ dissolution). In the case of DSBR, HJ-processing endonucleases are 
required to make symmetrical cuts. Depending on the orientation of the cuts, DSBR leads to CO 
or NCO events ( XI ). Dissolution occurs via the action of a RECQ DNA helicase that forms a hemi-
catenate and a class 1 topoisomerase to carry out strand separation, resulting in an NCO event       
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regions will be fi lled in via DNA synthesis. As a consequence, all information 
shared between the formerly repeated sequences will be lost (Fig.  1.1  V). SSA is a 
quite effi cient mechanism: a study performed in tobacco using I-SceI indicated that 
up to one out of three DSBs is repaired via SSA under these circumstances (Siebert 
and Puchta  2002 ). SSA can, in principle, also occur between two DNA molecules 
that are not linked. These molecules could be transfected plasmid DNAs (Puchta 
and Hohn  1991 ) or T-DNAs (Tinland et al.  1994 ) as well as broken chromosomes 
(Pacher et al.  2007 ). 

 In the case of DSBR and SDSA, 3′-end invasion of a single strand into a homolo-
gous double strand occurs, resulting in a D-loop (Fig.  1.1  VII). Reparative synthesis 
is initiated using the newly paired strand as a template. From this point onward, the 
two pathways deviate: whereas in the case of SDSA, the genetic information of the 
matrix is only copied to one strand (Fig.  1.1  VIII), in DSBR, DNA synthesis also 
occurs at the other broken end, so that information is copied from both strands of the 
matrix (Fig.  1.1  XI). This second-end synthesis has major consequences for the 
further processing of the recombination intermediates. While in SDSA, the extended 
strand hybridizes with a single strand resulting from the resection of the other end 
of the break, in the case of DSBR, a double Holliday junction (dHJ) is formed. This 
structure can be either resolved or dissolved. For resolution, HJ-processing endo-
nucleases are required (Fig.  1.1  XI). Dissolution occurs via the action of a RECQ 
DNA helicase that forms a hemicatenate and a class 1 topoisomerase that carries out 
strand separation, resulting in gene conversion (Fig.  1.1  XII). While in SDSA, the 
reaction always results in gene conversion, in the case of DSBR, the resolution 
pathway can end in a crossover event. Hence, larger parts of the recombining 
 chromosomes are exchanged, which is of the utmost biological signifi cance, as in 
meiosis, it is required for mixing parental genomes (Osman et al.  2011 ). 

 An interesting question is, of course, whether the SDSA or the DSBR mechanism 
is mainly used for the repair of DSBs in somatic cells. To discriminate between the 
two pathways, one must create an experimental situation in which the two mecha-
nisms predict different outcomes. While in DSBR, homologous interactions between 
the two ends of the DSB are required, in the case of SDSA, the copying process is 
restricted to one end. Thus,  Agrobacterium -mediated experiments were performed 
in tobacco using a T-DNA with homology to only one end of the break. The fre-
quency of the repair of an I-SceI-induced DSB was compared with the results of 
experiments in which a T-DNA harboring homologous sequences to both ends of the 
break in the target locus was used. The recombination frequencies obtained with the 
T-DNA showing homology to both ends of the DSB were only one-third higher than 
those obtained using the one-ended construct (Puchta  1998 ). This small difference 
could be easily explained by one-sided invasion of the unique second homologous 
end of the respective T-DNA. Thus, homology to only one end of the DSB is suffi -
cient for an effi cient HR reaction to occur in plant cells. Somatic homologous DSB 
repair is initiated by a one-sided initiation event and does not require the other end 
of the break. These results are only in accordance with the SDSA model, as it is 
based on one-sided initiation and is therefore able to describe recombination events 
due to HR as well as to a combination of HR and NHEJ events. 
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 Additionally, general considerations argue against an effi cient DSBR mechanism 
in somatic plant cells. For example, if DSBR operated effi ciently in somatic plant 
cells, crossovers would occur regularly. Additionally, repeated sequences are found 
at multiple ectopic positions in plant chromosomes, and crossovers between such 
repeated ectopic sequences would result in di- and acentric chromosomes. Thus, an 
effi cient DSBR pathway would endanger genome stability in somatic cells. 

 Using the SDSA model, the results of GT experiments in somatic plant cells can 
be explained. Here, not only were perfect HR-mediated integration events found at 
the target locus, but recombinants in which only one end of the targeting vector was 
integrated via homology were often characterized. Alternatively, after copying 
sequences from the transgenic locus, the vector was observed to be integrated else-
where in the genome (ectopic targeting). Depending on the experimental system 
employed, one-sided events could represent the major class of GT events (for 
review, see Puchta and Fauser  2013 ). An effi cient strategy for reducing one-sided 
events in addition to random integration events is the use of negative selectable 
markers for GT (for details, see Chap.   6     of this volume). Additionally, in several 
studies involving DSB-induced targeting in tobacco, one-sided events were found in 
a fraction or even in the majority of cases (Puchta et al.  1996 ; Reiss et al.  2000 ; 
Wright et al.  2005 ).  

3     The Chromosomal Site of the Template Makes 
a Difference 

 For SSA, the homologous template for the repair reaction of course has to be located 
in close proximity in direct orientation. This restriction does not apply for the SDSA 
and DSBR models. During meiosis, controlled recombination between homologs is 
the main repair mechanism. There are also indications that a portion of the DSBs are 
repaired during meiosis using the sister chromatid as template—at least in yeast 
(Goldfarb and Lichten  2010 ). A prerequisite for effi cient allelic recombination in 
meiosis is the alignment of homologs and the formation of the synaptonemal com-
plex (for a review on meiotic recombination in plants, see Osman et al.  2011 ). 

 DSBs must be induced in somatic plant cells for gene and genome engineering. 
In the case of HR, several different types of homologous sequences might be 
employed if an SDSA-like repair mechanism operates (Fig.  1.2 ). In G2 and S phase 
of the cell cycle, homology to the sister chromatid could be exploited (Fig.  1.2a ). 
However, as this mechanism does not lead to any sequence changes, the frequencies 
of such events could not be determined for plants. Nevertheless, it must be assumed 
that this type of repair is likely the most effi cient means of repair. Apart from a 
sequence on the same chromosome (Fig.  1.2b ), an allelic sequence on the homolo-
gous chromosome (Fig.  1.2c ) or an ectopic sequence on a different chromosome 
(Fig.  1.2d ) could be employed. Using I-SceI, the effi ciency of different types of 
templates could be determined based on the restoration of marker genes.  

H. Puchta and F. Fauser
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 To test the effi ciency of ectopic DSB-induced HR, a donor and an acceptor locus 
containing an I-SceI site and carrying partly homologous sequences of a nonfunc-
tional kanamycin resistance gene were transformed independently into tobacco and 
combined by crossing. DSBs were induced via  Agrobacterium -mediated transient 
expression of I-SceI in cell culture, and recombinants were selected for by kanamy-
cin. The study revealed that approximately 1 out of 10,000 DSBs is repaired by the 
use of an ectopic sequence. Detailed molecular analysis of the recombinants indi-
cated that HR did not occur in all cases at both ends of the DSB, and a combination 
of HR and NHEJ also took place (Puchta  1999 ). This fi nding is a clear indication of 
the operation of an SDSA-like mechanism (see above). In an independent study 
conducted in  Arabidopsis  based on DSB induction by a transposon, a similar effi -
ciency of DSB-induced ectopic HR was reported (Shalev and Levy  1997 ). 

 As during meiosis, DSBs are mainly repaired using allelic sequences from the 
homolog, how effi ciently such a template can be exploited in somatic plant cells is 
an interesting question. To answer this question, transgenic tobacco cell culture was 
used. The experimental setup was such that two transgenes in allelic positions were 
combined. One transgene carried the negative selectable marker cytosine deami-
nase (codA), together with an I-SceI site that was originally produced for the analy-
sis of NHEJ (Salomon and Puchta  1998 ). The other transgene was derived from the 
former transgenic line. Here, the I-SceI site was destroyed following DSB induc-
tion, and the selection marker became nonfunctional due to a deletion associated 
with the repair event. After combining the two alleles via crossing, DSBs were 
induced through the transient expression of I-SceI. Selection was performed based 
on the loss of the marker. Using this approach, it was indeed possible to isolate 

  Fig. 1.2    Templates for homologous recombination. Several different types of homologous 
sequences can be used during the operation of an SDSA-like repair mechanism. ( a ) Homologous 
sequences on the sister chromatid appear to be used effi ciently in G2 and S phases of the cell cycle. 
( b ) Intrachromosomal homologous sequences are other potential templates for DSB repair. They 
are used at frequencies up to the percent range ( c ). Allelic sequences are available in diploid cells, 
but in contrast to meiotic recombination, they are used in very few cases in somatic cells. 
( d ) Ectopic sequences on a different chromosome are also employed as a template, but at least as 
rarely as allelic sites       
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DSB- induced allelic recombination events. However, the vast majority of events 
resulted in a loss of function of the marker gene due to NHEJ. The frequency of 
allelic recombination was estimated to be approximately 10 −4 , similar to that of 
ectopic recombination following DSB repair in the same species (Gisler et al.  2002 ). 
Thus, in contrast to meiosis, allelic HR is not a signifi cant DSB repair pathway in 
somatic cells. It appears that there is not a great difference when homology is pres-
ent in an allelic versus an ectopic position: as long as it is on a different chromo-
some it is hardly accessible for DSB-induced HR. With respect to genome 
engineering, these results indicate that ectopic and allelic HR pathways are not suf-
fi ciently effi cient to successfully induce controlled genomic changes. Nevertheless, 
there is also no risk that these pathways will interfere with other applications of 
DSB-induced manipulation and lead to unwanted genome rearrangements. 

 The situation is clearly different when homologies are supplied in close proxim-
ity to the break: such sequences, either on the same chromosome or on the sister 
chromatid, are more effi cient matrixes for repair. Due to experimental limitations, it 
has not been possible to address sister chromatid recombination in plant cells in 
connection with DSB induction for a long time. Very recently, by applying I-SceI it 
could be demonstrated for barley that a DSB is predominantly repaired using the 
sister chromatid as a template during S- and G 2 -phase (Vu et al.  2014 ). Thereby, 
reciprocal chromatid exchanges occur but its molecular mechanisms have not been 
elucidated yet. However, a series of studies has been published on endonuclease- 
induced intrachromosomal HR in plants (Chiurazzi et al.  1996 ; Orel et al.  2003 ; 
Roth et al.  2012 ; Siebert and Puchta  2002 ). SDSA appears to be approximately fi ve 
to ten times less effi cient than SSA under comparable conditions (Orel et al.  2003 ).  

4     Extrachromosomal Templates 

 An effi cient way to supply the cell with a matrix for HR-mediated DSB repair is to 
use an incoming T-DNA from  Agrobacterium tumefaciens  or transfected plasmid 
DNA. A T-DNA that is directly transformed into cells was found to be a better tem-
plate for homologous DSB repair by several orders of magnitude than an ectopic 
chromosomal site carrying the same DNA template (Puchta  1999 ; Puchta et al. 
 1996 ). This situation most likely arises because the incoming T-DNA is more readily 
accessible for the copying processes than a chromosomal site, which can potentially 
be attributed to steric hindrances related to the use of an ectopic site as template. 
It might also occur because the ectopic site is chromatin packed or because the 
incoming DNA is recognized in some way by the cell as damages and, thus, actively 
recruits DNA repair factors that make recombination reactions more effi cient. 

 Of great interest in this respect is the recently developed  in planta  GT technique 
(Fauser et al.  2012 ). Here, a linear DNA molecule is excised from the plant genome 
using a site-specifi c endonuclease at the same time as a break is induced in the target 
locus. Hence, the GT reaction can occur in vivo during plant development. If the 
induced targeting event is transferred to the progeny, genetically modifi ed seeds can 

H. Puchta and F. Fauser



9

be harvested directly. This system was developed in  Arabidopsis  using the scorable 
marker ß-glucuronidase (GUS, uidA) and I-SceI, and this method should be appli-
cable to any endogenous locus and custom-made nuclease. Its principle is depicted 
in Fig.  1.3 . It is based on a transgene carrying sequences homologous to the target 
locus that is fl anked by two recognition sites for a custom-made endonuclease that 
also cuts the locus of interest. Expression of the enzyme, which can be modulated 
by inducible, organ-specifi c, or constitutive promoters, should lead to the simulta-
neous release of a linear GT vector and the induction of a DSB at the target locus. 
Using a constitutive promoter for different target/donor combinations, up to one GT 
event per 100 seeds could be recovered. Hundreds of seeds exhibiting GT events 
could therefore be obtained. Molecular analysis of recombinant lines indicated that 
HR occurred at both ends of the DSB in almost all of these lines (19 out of 20 
tested). Additionally, no extra copies of the vector were integrated elsewhere in the 
genome because in the case of a hemizygous, single-copy transgene, only one copy 
of the target vector can be set free per genome. Thus, the number of unwanted ran-
dom integration events is minimized, thus differing from classical GT approaches, 

  Fig. 1.3    Strategies of gene engineering. Endonuclease-mediated DSB induction can be employed 
for either targeted mutagenesis or GT. In the case of targeted mutagenesis, NHEJ leads to muta-
genic religation of the broken ends. Typically, deletions occur, but insertions as well as nucleotide 
exchanges are also observed. Two different NHEJ pathways are depicted in Fig.  1.4 . However, 
DSBs can also be used to activate a target locus for GT. DNA molecules transferred into cells car-
rying homologous sequences to the target locus integrate into the activated target site. On the other 
hand, the  in planta  GT system allows the simultaneous release of a linear GT vector and activation 
of a target site. Under both GT strategies, the GT vector can be designed for the site-specifi c inte-
gration of transgenes or to modify the target locus in a predefi ned manner (e.g., via AS exchange)       
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in which multiple copies of a vector are often transferred into a single cell. Moreover, 
in contrast to classical GT approaches that rely on the generation of a greater num-
ber of transformation events,  in planta  GT requires only a single transformation 
event in principle. Hence, the GT vector as well as the ORF of a synthetic nuclease 
can be provided simultaneously. As  in planta  GT is more effi cient than DSB- 
induced ectopic recombination, it appears that neither the number of copies nor the 
chromatin package itself are factors that hinder the DNA from acting as an effi cient 
template. It seems more likely that the steric accessibility of the template is enhanced 
by the excision and that the excision might recruit repair factors to the template that 
could enhance the recombination reaction.   

5     Factors Involved in Homologous Recombination 

 Intensive research has been taking place in recent decades, especially in yeast and 
mammals to identify the key factors involved in HR and defi ne their roles in detail. 
Here, we wish to exclusively discuss the role of the most prominent factors in rela-
tion to what is known about their function in DSB repair in plant cells. The most 
direct way to characterize the role of individual factors in the different repair path-
ways is to use recombination traps in which a DSB can be induced by the expression 
of a site-specifi c endonuclease, and a marker is restored either via the SSA or SDSA 
pathway (Orel et al.  2003 ). 

 Interestingly, knowledge regarding the factors involved in SSA is quite limited. 
Early work by Charles White’s group indicated that the RAD1/RAD10 heterodimer 
is as structure-specifi c fl ap-like endonuclease that trims the complementary strand 
prior to ligation (Dubest et al.  2002 ). Very recently the same group was also able to 
demonstrate that  Arabidopsis  RAD51 paralogues XRCC2, RAD51B, and RAD51D 
are involved independently of RAD51 in SSA (Serra et al.  2013 ). Other results indi-
cate that the nuclease MUS81 and the FANCM helicase play some minor role in 
SSA (Mannuss et al.  2010 ). It might well be that different helicases and nucleases 
can substitute for each other under this quite robust and simple mechanism. SSA 
and SDSA share the feature of 3′-resection of the double-stranded ends, so that 
single strands become available for the recombination reaction to proceed. Work in 
mammals and yeast indicates the existence of two sub-pathways, one involving the 
DNA exonuclease exo1 and the other involving DNA replication helicase/nuclease 
2 (DNA2) and a RECQ helicase (BLM in mammals and SGS1 in yeast) (for a recent 
review, see Blackwood et al.  2013 ). 

 Although it has been shown that the two EXO1  Arabidopsis  homologs, Exo1A 
and Exo1B, are involved in the resection of telomeres (Kazda et al.  2012 ), direct 
evidence of their involvement in HR is still missing. The fact that overexpression of 
the rice protein OsRecQl4 (BLM counterpart) and/or OsExo1 (Exo1 homolog) can 
enhance intrachromosomal HR was taken as an indication that these proteins might, 
in fact, be involved in end resection in plants (Kwon et al.  2012 ). Indeed,  Arabidopsis  
plants with a defi cit of RECQ4A show some defi ciency in both the SSA and SDSA 
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pathways. However, at this time, we cannot exclude the possibility that one of the 
other six RECQ-like helicases present in the  Arabidopsis  genome (Knoll and Puchta 
 2011 ) might also show some function in resection. 

 Invasion of the resected single strand in the double-stranded matrix is only 
required for SDSA. In all eukaryotes, RAD51, the homolog of the bacterial recom-
binase RECA, is involved in this key reaction. In the strand exchange reaction, a set 
of other factors is also required, which has been characterized in great detail in 
eukaryotes (for a recent review, see Suwaki et al.  2011 ). Indeed, recent experiments 
using pathway-specifi c recombination traps have demonstrated that the eukaryotic 
strand exchange protein RAD51 is extremely important for SDSA in  Arabidopsis , 
but not for SSA. The same holds true for the SWI2/SNF2 chromatin remodeler 
AtRAD54 (Roth et al.  2012 ). BRCA2 is involved in the formation of RAD51 fi la-
ments. This function appears to be conserved in plants (e.g., Seeliger et al.  2011 ). 
Similar to AtRAD51 itself, its paralogs RAD51C and XXRC3 are essential for 
SDSA, but not for SSA. It is tempting to speculate that the same holds true for the 
other paralogs, RAD51B, RAD51D and XRCC2, as general defi ciencies of HR 
have been reported (Da Ines et al.  2013 ; Durrant et al.  2007 ). Apart from RAD54, 
other ATPases appear to play a role in SDSA, including AtRAD5A, which is 
involved in “post-replicative” strand switching (Mannuss et al.  2010 ), and 
AtFANCM (Roth et al.  2012 ), which is involved in the control of the recombination 
reaction (Knoll et al.  2012 ). The nuclease MUS81 is also required for the processing 
of recombination intermediates within the SDSA pathway (Mannuss et al.  2010 ). 

 With respect to genome manipulation, knowledge of the roles of the factors 
involved in HR is a prerequisite for regulating DSB-induced DNA repair via modu-
lation of the repair machinery of the cell. A classic example of the improvement of 
GT is provided by the expression of the yeast RAD54 ATPase in  Arabidopsis , 
whereby Avi Levy’s group was able to demonstrate that GT can be enhanced by the 
expression of this heterologous chromatin remodeler (Even-Faitelson et al.  2011 ; 
Shalev and Levy  1997 ). An early attempt to enhance DSB-induced GT involved 
expression of the bacterial strand exchange protein RecA. Unfortunately, this 
approach did not result in higher targeting frequencies. However, RECA overex-
pression shifted the obtained product classes towards more recombination events 
where both ends of the break were repaired via HR. Thus, although the effi ciency of 
the reaction was not altered, its quality was enhanced (Reiss et al.  2000 ). 

 As NHEJ, in contrast to HR, often results in genomic change at the break site (see 
below), when performing NHEJ-mediated targeted mutagenesis, it is attractive to 
reduce the effi ciency of HR pathways. The group led by Dan Voytas was able to 
achieve this result using a mutant defi cient in the “structural maintenance of chromo-
somes” gene SMC6B. SMC6A and SMC6B are closely related and partly redundant 
factors required for DNA repair and HR in  Arabidopsis  that appear to be involved in 
sister chromatid interactions. While it has been reported that SMC6B mutants show 
a dramatic defect under conditions where sister chromatid recombination can be 
used for the restoration of a marker (Watanabe et al.  2009 ), the mutant shows only 
mild impacts on intrachromatid recombination (Roth et al.  2012 ). Interestingly, 
NHEJ-mediated targeted mutagenesis and GT was found to be enhanced at three 
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different loci of the  Arabidopsis  genome in an smc6b mutant (Qi et al.  2013 ). The 
easiest explanation for this phenomenon is that if the sister chromatid is not available 
to carry out the repair mechanism, an extrachromosomal copy can be used more 
effi ciently as an alternative template. Alternatively, in the case of a lack of template, 
the DSB is repaired not via HR, but via NHEJ. This study provides a nice demonstra-
tion of the importance of template availability in the choice of pathways.  

6     DSB Repair via Nonhomologous End Joining 

 NHEJ is the main mechanism of DSB repair in somatic plant cells and is also 
required for the random integration of DNA into plant genomes. DSB repair via 
NHEJ exhibits the characteristic that no extensive stretches of homology are 
required during the repair reaction. Ends are rejoined more or less directly, which 
can result in small deletions and, in some cases, also insertions (see below). Such a 
mechanism ensures that breaks can be effi ciently repaired in an absence of homol-
ogy with little genetic information being lost. However, it also poses the risk that 
genomic rearrangements might occur if several DSBs are repaired at the same time. 
This mechanism further provides new options for the control of genome engineer-
ing (see below). 

 Interestingly, at least two different pathways of NHEJ operate in plant cells that are 
known from other eukaryotes as well. These two pathways can be distinguished by 
the pattern of the resulting repair junctions as well as by the factors that are involved 
(Fig.  1.4 ). The classical NHEJ (cNHEJ) pathway involves minimal processing of 
broken ends before ligation occurs. This pathway is characterized by the involvement 
of the Ku70/Ku80 heterodimer. The function of this protein complex is to protect 
dsDNA from degradation by binding at the broken ends. If necessary, the ends are 
subsequently processed to become ligateable. For rejoining to occur, a specifi c ligase 
(Ligase 4) is necessary (Fig.  1.4 ). Thus, very little genetic information is lost, and 
small numbers of identical base pairs (“microhomologies”) are found at the junctions 
only on rare occasion. Nevertheless, if a DSB occurs within an ORF, deletions of one 
or two nucleotides result in a frameshift and, thus, depending on the position of the 
break in the ORF, can often lead to complete knockout of gene function.  

 The main characteristic of the alternative NHEJ pathway (aNHEJ) (Mladenov 
and Iliakis  2011 ) is the regular occurrence of microhomologies, combined with the 
deletion of some nucleotides. In the case of the less well-characterized aNHEJ path-
way, a certain amount of 3′-resection of the broken ends occurs, and a junction is 
formed by annealing of the two single strands involving a few complementary 
nucleotides. Following end trimming, religation occurs, and microhomologies can 
be observed at the junction site (Fig.  1.4 ). This process leads to the occurrence of 
deletions. Thus, more genetic information is lost more frequently when aNHEJ is 
used for DSB repair, rather than cNHEJ. Therefore, aNHEJ can be regarded as an 
extremely mutagenic means of DSB repair. Both NHEJ pathways appear to be con-
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served among eukaryotes. Recent experiments demonstrated that the poly ADP 
ribose polymerase I (PARPI) and XRCC1 proteins are actors in this pathway in 
plants, as previously shown for mammals (Jia et al.  2013 ; Charbonnel et al.  2011 ). 
There is increasing evidence that the two NHEJ pathways compete with each other: 
in a Ku80  Arabidopsis  mutant, a 2.6-fold increase in the error-prone rejoining fre-
quency, associated with end-degradation, was documented (Osakabe et al.  2010 ). 
Additionally, HR and NHEJ compete for DSBs. The group led by Dan Voytas 
achieved a fi vefold to 16-fold enhancement of DSB-induced GT in a ku70 mutant 
and a threefold to fourfold enhancement of GT in the lig4 mutant (Qi et al.  2013 ). It 
is an important open question whether the different DSB pathways function at the 
same effi ciency in different plant species or cell types during development (Kirik 
et al.  2000 ; Lloyd et al.  2005 ). Moreover, evidence was recently provided that there 
might be a third NHEJ pathway that is responsible for the joining of at least some 
DNA ends when cNHEJ and aNHEJ are knocked out (Charbonnel et al.  2011 ). 

 The fact that DSB repair via NHEJ can also be associated with insertions is 
important both for understanding genome evolution as well as for the application of 
this mechanism. This statement holds true for genomic sequences that are located 
elsewhere in the genome as well as for incoming T-DNAs (Salomon and Puchta 
 1998 ). Interestingly, in most of these cases, microhomologies were found at the 
junctions between break sites and inserts, which can be taken as a hint that either an 
aNHEJ mechanism or a mode of copying similar to the SDSA model described 

  Fig. 1.4    DSB repair via nonhomologous end joining (NHEJ). At least two different NHEJ path-
ways operate in plant cells. Both are depicted here: the canonical, or classical NHEJ (cNHEJ) 
pathway and the alternative NHEJ (aNHEJ) pathway. The Ku70/Ku80 heterodimer and Ligase 4 
are characteristic of cNHEJ leading to minimal processing of the broken ends prior to ligation. 
Typically, very little information is lost, and microhomologies are not involved. In contrast, broken 
ends undergo more processing in aNHEJ, and microhomology-mediated religation occurs. 
Therefore, larger deletions are often observed following aNHEJ-mediated DSB repair       
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above for homologous DSB repair might be responsible for this phenomenon. 
As unique genomic sequences can still be found next to those inserted in the break 
site at their original location in the genome following DSB repair, a copying mecha-
nism appears to be the most prevalent mode of repair (Salomon and Puchta  1998 ) as 
it is shown in Fig.  1.5 . Thus, NHEJ can be applied similarly to HR for DSB-induced 
gene stacking (Chilton and Que  2003 ; Tzfi ra et al.  2003 ; Weinthal et al.  2013 ).  

 The potential of NHEJ for genome engineering is especially promising, as more 
than one DSB can be induced at a time in a plant genome. The principle underlying 
such applications is simple: in a certain number of cases, not the original linked 
DSB ends are rejoined, but instead, joining occurs between ends that were not 
linked previously. Thus, new combinations of genetic information are obtained. 
This phenomenon can be applied to achieve various types of planned genome 
rearrangements.  

  Fig. 1.5    SDSA-like insertions. Single-stranded overhangs are produced after DSB induction and the 
invasion of the 3′-end via microhomologies initiates a SDSA-like repair mechanism leading to inser-
tions within the original DSB site. Any genomic sequence as well as extrachromosomal DNA can be 
used as template for the repair reaction. Microhomologies may also mediate second end capture       
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7     From Gene Engineering to Genome Engineering: 
Inducing More Than One DSB at a Time 

 The introduction of more than one DSB is a prerequisite for moving from the engi-
neering of single genes to that of genomes. This step can be achieved by targeting 
either multiple identical sites within the genome using a unique synthetic enzyme or 
multiple different sites via the application of more than one nuclease. In particular, 
using the CRISPR/Cas system, it is possible to induce multiple DSBs at differ-
ent sites simultaneously (Mali et al.  2013 ; Cong et al.  2013 ; Wang et al.  2013 ; 
Li et al.  2013 ). 

 Indeed, the repair of more than one DSB at a time might represent a challenge 
that cells have to face regularly. Multiple types of DNA damage might arise concur-
rently, particularly if a cell has to cope with genotoxic stress, but also during DNA 
replication. Cells are adapted to simultaneously repair several breaks through mech-
anisms that hold the correct broken ends together (Williams et al.  2010 ). Thus, the 
likelihood of complex genome rearrangements due to misrepair or misjoining of the 
broken ends is reduced. Nevertheless, as these mechanisms are not especially effi -
cient, creating such a situation artifi cially provides a unique opportunity for genome 
engineering. It therefore becomes possible to achieve a tremendous number of dif-
ferent types of changes, including deletions, inversions, and exchanges of genomic 
sequences, and even of chromosome arms (Fig.  1.6 ).  

 A series of reports have been published that can be regarded as proof of concept 
experiments for genome manipulations based on the induction of a number of site- 
specifi c DSBs. The most prominent, and simplest, example is the programmed deletion 

  Fig. 1.6    Strategies of genome engineering. Future applications of genome engineering in plants 
will focus on larger deletions, the inversion of specifi c genomic regions, the exchange of chromo-
some arms or the exchange of sequence information between homologs of different accessions or 
cultivars as well as different chromosomes. Deletions can be induced by inducing two DSBs at a 
defi ned distance, whose repair can lead to the elimination of all sequence information between the 
respective recognition sites ( a ). If this sequence is not eliminated but is reintegrated the “wrong 
way round” an inversion takes place ( b ). If two DSBs are induced on two different chromosomes, 
chromosome arms may be exchanged ( c ). By inducing four DSBs (two per chromatid), sequences 
can also be exchanged between chromosomes ( d )       
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of sequences such as marker genes following transformation. Through the induction 
of two DSBs in relatively close proximity, the sequences between the respective 
sites can be deleted from the plant genome (Petolino et al.  2010 ; Siebert and Puchta 
 2002 ). In principle, to achieve the controlled deletion of sequences, two differing 
types of repair reactions can be employed. The most direct way is to join broken 
ends following elimination of the internal sequence via NHEJ. However, in the pres-
ence of direct repeats, the direct annealing of repeated sequences via the SSA mech-
anism is also possible to obtain a deletion with a junction that can be predicted. 
Thus, if genomic sequences are organized in tandem repeats, as observed in certain 
gene clusters, the number of repeats is reduced. The deletion of single genes from 
the genome should become routine using artifi cial nucleases. An interesting option 
for genome engineering is the deletion of larger genomic regions. The size of these 
deletions might be limited in that genes that are essential for obtaining viable prog-
eny cannot be eliminated. Through the induction of two DSBs, an inversion of the 
intervening sequence can also be achieved, as demonstrated in mammalian cells 
(Lee et al.  2012 ). 

 In addition to excising or inverting sequences, the controlled induction of more 
than one DSB can be applied to exchange sequences within a plant genome. This 
has been demonstrated in a proof of concept experiment involving tobacco chromo-
some arms, in which two unlinked transgenes, each carrying a restriction site for an 
endonuclease and parts of an intron containing kanamycin resistance genes were 
combined via crossing. The transgenes were constructed in such a way that the 
kanamycin resistance gene could be restored by joining two previously unlinked 
broken ends, either via SSA or via NHEJ (Pacher et al.  2007 ). The frequencies 
obtained using this approach indicate that DSB-induced translocation is up to two 
orders of magnitude more frequent in somatic cells than DSB-induced ectopic gene 
conversion (Puchta  1999 ). Indeed, both SSA and NHEJ events were recovered. 
Despite the fact that no selection was applied for the joining of the two other ends, 
the respective linkages could be detected in most of the tested cases, demonstrating 
that the respective exchanges were indeed reciprocal, as expected. 

 There are also applications in genome engineering that require the induction of 
more than two DSBs. One example discussed above is the  in planta  GT technique, 
which requires the induction of at least three DSBs. By inducing four chromosomal 
DSBs, it should be possible to exchange chromosomal segments. Here, DSBs 
should be induced at both ends of each sequence to be exchanged. Such an experi-
ment has not been previously reported. However, the group led by Tzvi Tzfi ra 
described an exchange reaction between a chromosomal marker fl anked by two 
ZFN recognition sites that could be exchanged with a DNA sequence in a T-DNA 
fl anked by the same recognition sites (Weinthal et al.  2013 ). 

 The ways in which synthetic nucleases can be applied to achieve genome modi-
fi cations are increasing. It is tempting to speculate that in the long run, DSB-induced 
genome engineering will result in synthetic plant genomes constructed from the 
most attractive alleles of a gene pool within, or even beyond, species boundaries.     
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    Chapter 2   
 Engineering Meganuclease for Precise Plant 
Genome Modifi cation 

             Fayza     Daboussi    ,     Thomas     J.     Stoddard      , and     Feng     Zhang     

    Abstract     Meganucleases, also termed homing endonucleases, are rare-cutting 
enzymes that are encoded within the genome of nearly all microbes. These enzymes 
recognize and cleave long DNA sequences (typically 18–30 base pairs) generating 
double-strand DNA breaks (DSBs). The resulting DSBs can be repaired by different 
pathways leading to a variety of site-specifi c DNA modifi cations, such as insertions, 
deletions, or point mutations. Over the past 15 years tremendous efforts have been 
made to engineer a number of variant meganucleases that cleave novel DNA 
targets. Engineered meganucleases are now being used to generate targeted genomic 
modifi cations for a variety of basic and biotechnology applications, including 
 creating valuable traits in crop species.  

1          Introduction 

 The burgeoning demand for plant-derived products, such as food, feed, fuel, and 
fi ber, underlies the importance of developing methods to continuously improve crop 
varieties with higher yields, lower input costs, and better nutritional value. A variety 
of technologies have been developed to enable creation of genetic variations with 
desirable traits. Approaches using mutagens such as ethyl methanesulfonate, gamma 
rays, fast neutron, and transfer DNA (T-DNA) involves the random introduction of 
mutations into the genome followed by large-scale screens of mutagenized popula-
tions. These methods largely depend on chance and have nearly no control over 
location and types of mutations recovered from the population. It has been a long 
sought-after goal to develop methods that could generate specifi c and targeted 
genetic mutations in plants. With more than 50 plant genomes being sequenced, 
genome modifi cation approaches with improved precision will greatly facilitate the 
dissection of gene function, as well as creating new traits in both basic and applied 
research (Michael and Jackson  2013 ; Voytas  2013 ). 

 One of the most powerful means to introduce specifi c changes into genomes is 
through double-strand DNA break (DSB) repair pathways. Two major pathways, 
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homologous recombination (HR) and nonhomologous end joining (NHEJ), have 
been employed to incorporate mutations at the break site (Voytas  2013 ; Puchta and 
Fauser  2013 ). In order to utilize DNA repair pathways, targeted DSBs fi rst have to 
be created in the desired location. Efforts have been focused on developing sequence- 
specifi c nucleases that could be engineered to create DSBs in a target locus. To date, 
four classes of sequence-specifi c nucleases, meganucleases (homing endonuclease), 
zinc fi nger nucleases (ZFNs), transcriptional activator-like effector nucleases 
(TALENs), and the clustered regularly interspaced short palindromic repeat 
(CRISPR)/CRISPR-associated protein 9 (Cas9), can be chosen to cleave almost any 
sequence in any species. While ZFNs, TALENs, and CRISPR/Cas9 technologies 
are reviewed in other chapters, this review focuses on the state of the art in mega-
nuclease engineering and its applications in plant genome engineering (Voytas 
 2013 ; Puchta and Fauser  2013 ; Small and Puchta  2014 ). 

 Meganucleases were the fi rst class of sequence-specifi c nucleases employed to 
create targeted DSBs in eukaryote genomes. The very fi rst meganuclease,  I - SecI , 
was discovered and characterized from yeast in the 1970s and 1980s (Faye et al. 
 1979 ; Bos et al.  1978 ; Jacquier and Dujon  1985 ). Encoded by an intron in the mito-
chondrial large ribosomal RNA subunit (LsrRNA), this enzyme recognizes and 
cleaves an 18 bp unsymmetrical sequence in an intron-free allele of the LsrRNA 
gene (Jacquier and Dujon  1985 ; Stoddard  2014 ). The resulting break is repaired via 
HR using the intron-harboring allele as a repair template leading to insertion of the 
intron into the target site, this process is known as intron homing. Because of its 
long DNA recognition sequence and high specifi city,  I - SceI  can be readily expressed 
in higher organisms without cleaving host genomes and inducing cytotoxicity. For 
these reasons it has been used to introduce DSBs at defi ned locations in studies of 
DNA repair mechanisms in many eukaryote genomes (Choulika et al.  1995 ; Rouet 
et al.  1994a ,  b ). In 1993, Puchta et al. fi rst demonstrated that DSBs induced by 
 I - SceI  enhance HR in plant species, namely  Nicotiana tabacum  (Puchta  1999 ; 
Puchta et al.  1993 ). This landmark research heralded the arrival of precise genome 
engineering in plants using sequence-specifi c nucleases. 

 Use of meganucleases in precise genome modifi cation requires the ability to engi-
neer nucleases with new sequence specifi city. One challenge of meganuclease engi-
neering is that cleavage and DNA-binding domains overlap (Stoddard  2011 ). When 
an amino acid sequence is altered to achieve new DNA sequence specifi city, the cata-
lytic activity of the enzyme is often compromised. Despite these diffi culties, advances 
in high-throughput screening and protein modeling have made meganucleases easier 
to engineer and more accessible. This review will discuss the latest developments in 
customized meganucleases, the strategies to increase meganuclease activity, and the 
recent applications of engineered meganucleases in plant genome modifi cation.  

2     Engineering of Meganucleases for New Sequence Specifi city 

 Although the discovery of the meganuclease dates back to the 1970s, widespread 
use as tools for genome editing has been hampered by the lack of methods allowing 
for effi cient protein engineering of the protein–DNA interface (Stoddard  2014 ). 
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In the 2000s, a semi-rational approach based on computational analysis of structural 
features in the protein–DNA interface has emerged as a promising strategy to gener-
ate meganucleases with new specifi cities (Chevalier et al.  2002 ; Ashworth et al. 
 2006 ). This approach allowed for mutating specifi c residues that led to a signifi cant 
decrease in the complexity of the mutant library to be processed. Using  I - CreI  as a 
model scaffold, several groups have been able to alter its DNA recognition proper-
ties on both a small and large scale, in terms of total proteins reengineered. Initial 
successes with the  I - CreI  (Seligman et al.  2002 ; Sussman et al.  2004 ; Rosen et al. 
 2006 ) and  I - SceI  scaffolds (Gimble et al.  2003 ; Chen and Zhao  2005 ) that used 
small-scale libraries resulted in the identifi cation of only a few mutants. Later, 
Seligman and co-workers demonstrated that substitution of specifi c individual resi-
dues in the  I - CreI  αββαββα fold induces substantial cleavage of novel targets 
(Seligman et al.  2002 ). Then Gimble and collaborators modifi ed the DNA-binding 
domain of  PI - SceI  and selected variant proteins with altered binding specifi city 
using a double-hybrid binding assay (Gimble et al.  2003 ). While being able to gen-
erate a few meganucleases with novel DNA binding specifi city, all attempts were 
limited to modifi cation of a small subset of amino acid. Recently several large-scale 
screening approaches, including the one developed by our group, has been reported 
to modulate the DNA-binding and catalytic properties of meganucleases (Jarjour 
et al.  2009 ; Volna et al.  2007 ; Baxter et al.  2013 ). 

 The method implemented in our group, termed the two-step semi-rational 
approach, enables the complete redesign of endonuclease specifi city. In this method, 
the fi rst step consists of randomizing specifi c residues in the DNA-binding domain 
of the protein and identifying collections of variants with locally altered specifi city. 
The second step, namely the combinatorial step, is to combine and assemble sets of 
mutants from different locally engineered variants to create globally engineered 
proteins with predictable specifi city. Using this method, thousands of  I - CreI  mutants 
with locally altered specifi cities have been identifi ed in our databank (Epinat et al. 
 2003 ; Arnould et al.  2006 ; Smith et al.  2006 ). 

2.1     Yeast High-Throughput Screening Assay 

 In order to screen a large number of nuclease variants in the fi rst step, an automated 
high-throughput screening method has been developed in  Saccharomyces cerevisiae  
(Epinat et al.  2003 ; Chames et al.  2005 ). As shown in Fig.  2.1 , two strains of 
 S. cerevisiae  were used for the screening of meganuclease activity: the fi rst strain, 
 MAT α drives expression of the meganuclease with a galactose-inducible promoter; 
while the second strain,  MAT a, carries the substrate composed of an inactive  LacZ  
gene under the control of a constitutive promoter. The  LacZ  gene is interrupted by 
an intervening sequence that is fl anked by two direct repeats containing the target of 
interest and an  I - SceI  target site as an internal control. Upon mating of the two 
strains, diploid cells were selected with the help of the auxotrophic markers present 
in both meganuclease and  LacZ  expression vectors. These strains were then trans-
ferred onto galactose-rich medium, inducing meganuclease expression. The 
expressed meganucleases will introduce a DSB at their target leading to the 
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restoration of a functional  LacZ  gene through single-strand annealing mechanisms, 
allowing for the quantifi cation of the meganuclease activity. This entire process was 
done on fi lters that were scanned to rank mutants. Each spot was quantifi ed using 
the median values of pixels constituting the spot of mated yeast (Epinat et al.  2003 ).   

2.2     Principle of the Two-Step Semi-rational Approach 

 In this method, the meganuclease  I - CreI  was chosen as the molecular scaffold to 
produce novel meganucleases. As indicated in Fig.  2.2 ,  I - CreI  works as a homodimer 
on a pseudo-palindromic target. The DNA–protein interaction is accomplished via a 
region involving 40 amino acids. As previously reported, each monomer can be 
divided into sub-domains. For instance, we described two sub-domains referred to as 
distal (10NNN) and proximal (5NNN) to the catalytic center (Fig.  2.2 ). These sub-
domains interact with the bases in positions ±8, ±9, ±10 and ±3, ±4, ±5 within the 

  Fig. 2.1    Yeast high-throughput screening assay. One yeast strain,  MAT α, contains the meganucle-
ase whose expression is driven by a galactose-inducible promoter. Another strain,  MATa , contains 
a single-strand annealing (SSA) reporter vector composed of the  LacZ  gene interrupted by the 
target of interest and an  I - SceI  target site as an internal control, fl anked by two direct repeat. After 
mating and transformed diploid selection, the expression of the enzyme is induced on galactose- 
rich medium. If the enzyme recognizes and cleaves its target sequence, the  LacZ  reporter recom-
bines by an SSA event. The restoration of a functional  LacZ  gene is measured by X-gal staining, 
revealing the beta-galactosidase activity       
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 I - CreI  target, respectively. Thus, the production of one meganuclease with a modi-
fi ed DNA-binding interface to recognize a chosen sequence requires the generation 
of four sets of mutations that affect amino acids interacting with domains 5NNN and 
10NNN for each of the two monomers. Key positions of the  I - CreI  protein that are 
involved in the interaction with sub-domains 5NNN (amino acids 44, 68, 70, and 77) 
and 10NNN (amino acids 28, 30, 33, 38, and 40) are mutated (Fig.  2.2 ). Each mutant 
variant (homodimers containing one set of mutations) is screened using the yeast 
high-throughput screening assay against the corresponding 64 palindromic degener-
ate targets. The variants with the highest nuclease activities in the yeast assay are 

  Fig. 2.2    Combinatorial approach to engineer meganuclease. Schematic representation of the 24 bp 
 I - CreI  target divided into sub-regions: 5NNN internal palindrome corresponding to the base position 
at +/−5-4-3; 10NNN external palindrome corresponding to the base position at +/−10-9-8; 7NN 
median cluster corresponding to the base position +/−7-6. The four central base pairs are called 
2NN-2NN. Randomization of amino acids interacting with the bases 5NNN and 10NNN are shown 
in  red  and  green , respectively. Variants are combined together to cleave palindromic targets as dimers       

 

2 Engineering Meganuclease for Precise Plant Genome Modifi cation



26

selected, and then different sets of  I - CreI  mutations are combined in the same  protein, 
resulting in entirely redesigned meganucleases cleaving one chosen sequence. In 
addition to the mutation of these key residues, the mutation D75N was introduced to 
allow more diversity in the fi nal combinatorial mutants. This mutation did not affect 
the protein structure but has been shown to alter the substrate specifi city of the 5NNN 
and the 10NNN sub-domains (Smith et al.  2006 ).  

 The two-step combinatorial approach has enabled us to generate several thou-
sand engineered sequence-specifi c meganucleases leading to the production of a 
vast collection of variants stored as plasmids in a proprietary databank. To date, the 
exploitation of this databank allows for the identifi cation of a potential cleavable 
target every 250 bp within a genome, with a success rate of 40 % at the protein 
engineering step (Galetto et al.  2009 ; Paques and Duchateau  2007 ). The non- 
negligible failure rate (~60 %) may suggest that sub-domains 5NNN and 10NNN 
are not always independent although the two sub-domains are far from each other 
and do not overlap structurally. Recently it has been reported that this context 
dependence could be overcome by modulating the 7NN region between these two 
sub-domains (Grizot et al.  2011 ). Combinatorial tests were performed using 
7NNNN (covering regions 5NNC and 7NN) large libraries and confi rmed the valid-
ity of this strategy to improve nuclease design. Taken together, the two-step combi-
natorial approach has enabled the generation of customized meganucleases with a 
greater range of target sites, thus making designer meganucleases applicable for 
many applications.   

3     Meganuclease Scaffold Optimization 

 Although this combinatorial approach has shown its power to generate meganucle-
ases with new specifi city, the binding and/or cleavage properties of the engineered 
meganucleases can sometimes be suboptimal. In these cases, further scaffold opti-
mization may be required to further improve nuclease activity and specifi city. 
Several strategies have been implemented to achieve this goal. 

3.1     Improvement of the Meganuclease Activity 

 A random mutagenesis approach has been employed to identify mutations in the 
 I - CreI  scaffold that could enhance nuclease activity (Arnould et al.  2007 ; Redondo 
et al.  2008 ; Grizot et al.  2009 ). This approach enabled identifi cation of several spe-
cifi c mutations, such as mutations from glycine 19 to serine (G19S) or alanine 
(G19A), phenylalanine 54 to leucine (F54L), phenylalanine 87 to leucine (F87L), 
Serine 79 to glycine (S79G), valine 105 to alanine (V105A), and isoleucine 132 to 
valine (I132V). These mutations, acting alone or in combination, have shown to 
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signifi cantly increase the activity of both natural and engineered meganucleases. 
Interestingly, the mutation G19S even displays a dual function by both improving 
activity and specifi city of engineered meganucleases.  

3.2     Improvement of the Meganuclease Specifi city 

 In addition to nuclease activity, specifi city is another important factor that has to be 
evaluated in many applications, especially for therapeutic purposes. Most meganu-
cleases are heterodimers that are composed of two separately engineered mono-
mers, each recognizing one half of the DNA target (Stoddard  2011 ). Heterodimer 
formation is obtained by co-expression of the two monomers within the same cells. 
As a result, three combinations of meganuclease molecules are produced within the 
cell, the heterodimer and both homodimer by-products. The homodimer by- products 
could lead to off-site cleavage jeopardizing overall meganuclease specifi city. 
Suppression of homodimer formation can be achieved using three strategies. The 
fi rst route is to generate obligatory heterodimers by modifying the protein–protein 
interface between the two monomers to facilitate heterodimerization, while prevent-
ing the formation of homodimers. The second strategy comprises the fusion of two 
monomers into a single molecule and the third approach involves the fusion of a 
meganuclease with a specifi c DNA-binding domain. Details of these strategies, 
examples, and potential utility are discussed below. 

3.2.1     Obligatory Heterodimer 

 Engineering of the protein–protein interface between monomers is a common strat-
egy to control protein dimerization. This approach has been applied to heterodi-
meric meganucleases such as  I - CreI . Analysis of the  I - CreI  structure allowed the 
identifi cation of residues Lys7, Glu8, Glu61, Lys96, Arg51, and Asp137 as amino 
acids involved in electrostatic interactions between monomers (Fajardo-Sanchez 
et al.  2008 ). The mutations of K7E/E8K, E61R/K96E, and R51D/D137R in homodi-
meric  I - CreI  meganucleases have led to the generation of obligate  I - CreI -derived 
heterodimeric nucleases (Grizot et al.  2009 ). In addition, the mutation of G19S has 
been shown to have a major impact on decreasing homodimer activity, with no 
decrease in heterodimer activity (Arnould et al.  2007 ; Redondo et al.  2008 ). An 
example of protein–protein interface engineering is the engineered obligate het-
erodimeric meganuclease targeting the human gene RAG1. These mutant proteins 
carry only a subset of compensatory mutations (K7E/E8K and E61R/K96E) that 
proved suffi cient to destabilize homodimer formation without any loss of heterodi-
mer activity. Consequently, the resulting meganuclease demonstrated decreased 
toxicity with reduced off-site cleavage events measured by the formation of phos-
phorylated H2AX histone foci (γ-H2AX) (Grizot et al.  2009 ).  
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3.2.2     Single-Chain Molecule 

 The second strategy resides in mimicking the natural evolution of meganucleases, 
such as  I - SceI , by creating a single-chain molecule (Posey et al.  2004 ; Chevalier and 
Stoddard  2001 ). High resolution three-dimensional structures of several meganu-
cleases, including  I - SceI ,  I - CreI ,  I - DmoI ,  PI - SceI , and  PI - PfuI , have made it possi-
ble to generate active single-chain meganucleases (Chevalier et al.  2001 ; Duan et al. 
 1997 ; Heath et al.  1997 ; Hu et al.  1999 ; Ichiyanagi et al.  2000 ; Jurica et al.  1998 ; 
Poland et al.  2000 ; Silva et al.  1999 ). Single-chain meganucleases consist of a sim-
ple linker connecting two engineered meganuclease variants (monomers) (Chevalier 
et al.  2002 ; Epinat et al.  2003 ; Grizot et al.  2010 ). The resulting architecture has 
proven to signifi cantly increase the activity of the meganuclease and dramatically 
decrease the cellular toxicity due to off-site targeting, when compared to unlinked 
meganucleases (Grizot et al.  2009 ). The single chain  I - CreI -based custom mega-
nucleases have been successfully designed to target the human endogenous  RAG1  
locus effi ciently (Grizot et al.  2009 ).  

3.2.3     Fusion HE-TALE 

 The third strategy to improve meganuclease specifi city involves fusing the DNA- 
binding domain from transcription activator-like effectors (TALE) to the N-terminus 
or C-terminus of meganucleases. TALE DNA binding domains consist of a series of 
33–35 amino acid long repeats. Each repeat recognizes one single nucleotide that is 
determined by the two amino acids at position 12 and 13, also known as the repeat- 
variable diresidue (RVD). The code between the RVD and each nucleotide has been 
deciphered; therefore, new TALE DNA binding domains can be easily engineered 
according to this simple code. A more detailed description about TALE proteins can 
be found in Chap.   3     of this book. Several groups have attempted to create a hybrid 
nuclease by fusing TALE DNA domains with monomeric meganucleases, such as 
 I - TevI ,  I - AniI , and  I - OnuI . The resulting nucleases, termed megaTAL or compact 
TALEN, have shown great potential with high specifi city and activity (Beurdeley 
et al.  2013 ; Kleinstiver et al.  2014 ; Boissel et al.  2014 ). Because all the meganucle-
ases fused in megaTALs are monomeric endonucleases, the new hybrid nuclease 
does not require dimerization to cleave target sites. Moreover, DNA binding specifi c-
ity of megaTALs is determined by both the TALE and meganuclease, reducing the 
likelihood that more than one target site would be present in the targeted genome. 
Thus, the fusion nucleases could offer higher specifi city than regular meganucleases. 
In a recent research study, Boissel et al. have compared cleavage activity between 
megaTALs and their derived meganucleases,  I - AniI  and  I - OnuI  (Boissel et al.  2014 ). 
Interestingly, megaTALs showed increased cleavage activity by at least 2–3-fold. 
Even more remarkably, when an  I - OnuI -derived megaTAL was employed to knock-
out the  TCR α (T-cell receptor alpha chain) gene it exhibited approximately 20-fold 
increase in gene knockout frequency, compared to the stand-alone meganuclease.    
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4     Factors Infl uencing the Meganuclease Activity In Vivo 

 In addition to the efforts to increase meganuclease activity through protein engi-
neering, it is also prudent to analyze the meganuclease substrate for opportunities of 
further optimization. Several studies have shown that the effi cacy of meganucleases 
could be infl uenced by the chromosome context of the target sequences, such as 
DNA packaging into chromatin, the position of nucleosomal proteins with respect 
to the target site, and chemical DNA modifi cations (e.g., methylation). Below sev-
eral experiments are reviewed that indicate further optimization is possible to 
increase meganuclease activity in vivo. 

4.1     Meganucleases Are Sensitive to Chromatin Compaction 

 In order to understand the relationship between meganuclease activity and chroma-
tin accessibility, Daboussi et al. engineered a collection of 18 different  I -CreI - 
derived  meganucleases that targeted various coding and noncoding sequences 
within the human genome (Daboussi et al.  2012 ). This study revealed a strong cor-
relation ( r  = 0.93;  P  = 2 ⋅ 10 −8 ) between the frequencies of two types of in vivo muta-
genesis activities, NHEJ-meditated targeted mutagenesis (TM) and homologous 
gene targeting (HGT) (Fig.  2.3a ). However, these frequencies are not well corre-
lated ( r  = 0.33;  P  = 0.18) to the intrinsic nuclease activity as measured by extrachro-
mosomal single-strand annealing (SSA) assays (Fig.  2.3b ), suggesting that 
chromosome context of target sequences may play a role in determining meganucle-
ase effi cacy. By further using a meganuclease whose cognate target is present sev-
eral times in the genome, the authors were able to show (a) TM was not equally 
effi cient at different chromosomal loci and (b) that the discrepancy was directly 
correlated to the chromatin accessibility, as measured by a micrococcal nuclease 
accessibility assay (CHART-PCR) (Fig.  2.3c ). This study was then extended to 
meganucleases targeting various loci that exhibited different degrees of chromatin 
compaction, revealing a strong correlation between meganuclease effi ciency and 
chromatin accessibility. These results indicate that target accessibility is a major 
determinant of designer meganuclease effi cacy.   

4.2     Meganucleases Are Sensitive to CpG Methylation 

 In higher eukaryotes, DNA methylation is another key factor infl uencing chromatin 
structure and chromosome accessibility (Bell et al.  2011 ). Valton et al. employed a 
combination of biochemical and structural approaches to investigate the impact of 
DNA methylation on meganuclease activity (Valton et al.  2012 ). Depending on the 
position of methylated CpGs within the DNA target, DNA methylation could have 
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a signifi cant impact on the DNA binding affi nity and cleavage activity of  I - Cre . 
More specifi cally, methylation that occurs outside the central four bases of the cog-
nate target showed little effect on  I - CreI  activity. However, methylation that occurs 
inside the central four bases, in particular at position +2b, dramatically decreases 
catalytic activity of  I - CreI . This phenomenon was also observed for an engineered 
meganuclease targeting the human gene ADCY9. TM frequency at ADCY9 was 
hindered by the presence of one methylated CpG at position +2b. The reversal of 
low TM frequency by demethylation treatment with 5-aza-2-deoxycytidine (5-aza-
 dC) further confi rmed that DNA methylation found in the core bases of the target 
sequence plays a critical role in the determination of meganuclease activity (Valton 
et al.  2012 ,  2014 ). 

 Crystal structure analysis of  I - CreI  with its target sequence indicated the possibil-
ity of engineering a meganuclease insensitive to DNA methylation. The structural and 
biochemical data revealed that the presence of the methyl group alters both the  I - CreI  

  Fig. 2.3    Characterization of meganucleases properties using cell-based assays. ( a ) Correlation 
between the TM and HGT assays in 293-H cells. 18 MNs were characterized in both assays. 
( b ) Correlation between the extrachromosomal SSA and the TM assay in 293-H cells. ( c ) 
Correlation between the extrachromosomal SSA assays and the HGT assay in 293-H cells. ( d ) 
CHART-PCR assay for micrococcal nuclease accessibility of the Rag1, DMD21, CLS3902_5, 
CLS3902_7, CLS3902_14, CLS4076, CAPNS1, ADCY9, CLS3759, and XPC4 loci. The GAPDH 
and PAX7 loci are used as controls for accessible and non-accessible chromatin, respectively. ( e ) 
Comparison between the micrococcal nuclease accessibility assay and the TM assay at day 7       
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protein and the target DNA conformation, in particular the shift of valine 73 by about 
1 Å. The substitution of the valine 73 with a smaller hydrophobic amino acid, such 
as alanine, has been shown to improve the frequency of TM by tenfold in the endog-
enous methylated locus. It will be interesting to further apply this strategy to 
 engineered meganucleases or other types of designer nucleases (Valton et al.  2014 ).  

4.3     Identifi cation of Host Factors Regulating Homologous 
Gene Targeting 

 During the repair process initiated by nuclease-mediated DSBs, the NHEJ-based 
pathway appears more effi cient than the HR-mediated pathway in most higher 
eukaryotes (Voytas  2013 ; Puchta and Fauser  2013 ). Highly effi cient TM has been 
achieved through NHEJ using all types of engineered nucleases, including mega-
nucleases, while precise gene editing through HR still requires a great deal of opti-
mization (Voytas  2013 ; Puchta and Fauser  2013 ; Gaj et al.  2013 ). One strategy to 
promote the HR-based gene targeting is to modulate host factors in the DNA repair 
pathway. For instance, suppression of the host factors essential for the NHEJ path-
way could shift DNA repair toward HR. In the model plant species  Arabidopsis , 
Yiping et al. utilized engineered ZFNs to demonstrate that the frequency of HR-based 
gene targeting can be increased 3–16-fold by knocking out critical proteins in the 
NHEJ pathway, such as  Ku70  or  Ligase 4  (Qi et al.  2013 ). In order to identify novel 
factors enhancing meganuclease-mediated HGT, Delacote et al. developed a high-
throughput siRNA screening system using an assay monitoring HGT induced by 
 I - SceI  (Delacote et al.  2011 ). By screening a library of siRNAs targeting 19,121 
human genes, a total of 64 candidates were identifi ed as increasing HGT by 1.2–3-
fold. Two candidate siRNAs, targeting the  ATF71P  and  EP300  genes, showed the 
strongest stimulation (3.6 ± 1.0 and 3.0 ± 0.9-fold higher HGT than control, respec-
tively) of HGT. Interestingly, these two genes have been described as transcription 
factors and are involved in chromatin modeling. Although the mechanisms of stimu-
lating HR by knocking down these genes remain to be elucidated, the result from 
this study underlies the ongoing efforts to enhance precise genome modifi cation by 
modulating chromatin accessibility (Segal and Meckler  2013 ).  

4.4     Increased Targeted Mutagenesis Frequency by Co-factors 

 Compared to other designer nucleases (e.g., ZFNs, TALENs, and CRISPR/Cas9) 
meganucleases seem to be more profi cient at inducing HGT, while frequency of 
meganuclease-mediated TM is generally lower than other nucleases (Daboussi et al. 
 2012 ). Recently, several groups demonstrated that co-transfection of plasmids 
encoding specifi c DNA processing enzymes and engineered meganucleases can 
increase the TM frequency in mammalian cells, without deleterious effects on 
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genome integrity and/or cell survival (Delacote et al.  2013 ; Certo et al.  2012 ). The 
effi ciency can be enhanced up to 30-fold using the terminal deoxynucleotidyl trans-
ferase (Tdt) or human three prime repair exonuclease 2 (Trex2), a template- 
independent DNA polymerase and non-processive 3′ exonuclease, respectively. 
Upon cleavage, both enzymes process the liberated DNA ends by adding or remov-
ing a few nucleotides. The processed DNA ends are then rejoined with small dele-
tions and/or insertions at the break site. These DNA processing enzymes make the 
NHEJ repair even more error prone and thus dramatically increase NHEJ mutagen-
esis frequency. Moreover, Tdt and Trex2 offer the possibility to “control” the type 
of mutagenic events induced, by favoring small insertions or deletions. While the 
use of Tdt leads to 70–90 % of events being small insertions (2–6 nucleotides), 
Trex2 usage results in 70–90 % of events yielding small deletions (2–4 nucleotides). 
This observation has also been made in plant species with Trex2, indicating general 
applicability of this strategy to enhance TM by coupling DNA end-processing 
enzymes with designer nucleases (unpublished data).   

5     Precise Plant Genome Modifi cation with Meganucleases 

 Since the 1990s, meganucleases have been employed by plant biologists to under-
stand the basic mechanisms responsible for maintaining plant genome integrity, as 
well as to create precise modifi cations for plant genome manipulation. In 1999, 
Puchta et al. fi rst introduced the meganuclease,  I - SceI , to tobacco cells (Puchta 
 1999 ). Expression of  I - SceI  in tobacco cells created DSBs in a reporter gene that 
carries the  I - SceI  target site. DSBs were then repaired by HR leading to restoration 
of the reporter gene function. The resulting proteins from the reporter gene can be 
readily quantifi ed as a means to measure the effi ciency of HR. In general, without 
creating DSBs, HR in plants is not very effi cient with frequencies ranging from 10 −4  
to 10 −6 . By demonstrating that targeted DSBs can increase HR frequencies by two 
orders of magnitude in plants, this study opens up the possibility for enabling pre-
cise plant genome modifi cation by creating targeted DSBs. 

 In recent years, effi cient targeted genome modifi cation in plants has been 
achieved with meganucleases. In 2008, D’Halluin et al. demonstrated that  I - SceI  
facilitated precise gene integration at a pre-integrated target locus in maize cells 
(D’Halluin et al.  2008 ). The target locus contained a transgene sequence that carries 
an  I - SceI  site, followed by a promoterless selection marker gene (the  bar  gene) and 
a functional terminator. The donor construct was comprised of a 35S promoter 
fl anked by sequences that share homology to the sequences fl anking the  I - SceI  site 
of the target locus. HR between the donor sequence and the target locus resulted in 
the insertion of the 35S promoter at the  I - SceI  site, thereby driving expression of the 
 bar  gene which confers resistance to phosphinothricin (PPT). Positive HR events 
can be identifi ed by selecting transformed cells on PPT media. As a result, a large 
number of the PPT-resistant events were recovered when the donor construct was 
co-transformed with  I - SceI . Further characterization of these events confi rmed the 
precise integration of the 35S promoter sequence at the  I - SceI  target site. 
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 After the proof-of-concept study using the naturally existing meganuclease 
 I - SceI , the same group demonstrated that highly effi cient targeted gene insertion can 
also be achieved using engineered meganucleases (D’Halluin et al.  2013 ). The goal 
of this study was to create a gene stack in cotton by inserting two herbicide toler-
ance transgenes into a defi ned location adjacent to a pre-integrated insect-resistant 
transgenic locus. Transgenic cotton lines were created by co-delivering the custom-
ized meganucleases expression plasmids, designed to recognize and cleave the tar-
get locus, with a donor template plasmid using the biolistic method. The donor 
construct contains two transgenes, the 4-hydroxyphenylpyruvate dioxygenase gene 
( hppd ) of  Pseudomonas fl uorescens  and the modifi ed enol-pyruvylshikimate- 3-
phosphate synthase gene ( epsps ) of  Zea mays , which confer tolerance to the herbi-
cides,  hppd  inhibitor and glyphosate, respectively. The expression cassettes of these 
two transgenes were fl anked by the cotton genomic sequence, 1.5 kb upstream and 
2 kb downstream of the meganuclease cleavage site, to facilitate HR upon creation 
of DSBs at the target site. After co-bombarded, with both nuclease and donor con-
structs, the cotton embryonic calli were selected for glyphosate tolerance. The 
glyphosate-tolerant calli were then selected and subjected to PCR screening to iden-
tify the targeted insertion events. As a result, 1,479 glyphosate-tolerant calli were 
obtained and 27 calli appeared to contain the targeted insertion. Furthermore, about 
60–70 % of the targeted insertion events did not contain any additional transgene 
insertions in the genome, as demonstrated by Southern analysis. The gene targeting 
effi ciency (~2 %) achieved in this study provides the opportunity to enable gene 
targeting and targeted trait stacking as a routine practice in major crops. 

 The effi cient gene targeting method described above requires an effi cient trans-
formation system to generate a large population of transgenic plants. More recently, 
Puchta’s group developed a new strategy to achieve highly effi cient targeted inser-
tion independent of an effi cient transformation system (Fauser et al.  2012 ). The 
proof-of-concept experiment was set up in an  Arabidopsis  line that contains a 
 pre- integrated transgene as the target locus. This target locus consists of an  I - SceI  
site upstream of a promoterless β-glucuronidase (GUS) reporter gene. In this strat-
egy, the donor construct, which contains a 35S promoter fl anked by two  I - SceI  sites, 
was transformed and integrated into the plant genome fi rst. The resulting transgenic 
line was then crossed with an  I - SceI -expressing line. In the hybrid line,  I - SceI  cre-
ated DSBs in both the target locus and the donor sequences leading to excision of the 
donor repair template from its integration site. HR occurring between the cleaved 
target sequence and the repair template results in the insertion of a 35S promoter in 
front of the GUS coding sequence. The HR events can then be readily identifi ed by 
GUS staining. By screening F2 seedlings from the hybrid line, approximately 1 % 
of plants were identifi ed and confi rmed as the recombinant lines with precise HR 
events. The high effi ciency observed in this study makes this strategy very attractive 
for gene targeting in plant species that don’t have effi cient transformation systems. 

 In addition to facilitating targeted gene insertions in plant and animal species, 
engineered meganucleases have also been employed to create targeted knockout 
mutations in genes of interest. In 2006 and 2013, the group led by Alexander Lyznik 
at Dupont/Pioneer Inc customized  I - CreI -based meganucleases to target two maize 
loci,  liguless 1 and  ms 26 (Gao et al.  2010 ; Lyznik et al.  2012 ; Djukanovic et al.  2013 ). 
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When delivered into maize immature embryos, the engineered meganucleases 
induced indel (insertion/deletion) mutations in the targeted loci and created mutant 
T0 plants at a frequency of 3 % and 5.8 %, respectively. The majority of mutations 
were transmissible to the next generation (T1) and gave rise to the anticipated phe-
notypes. We also observed a similar mutagenesis rate using engineered meganucle-
ases to target a transcription factor gene in rice (unpublished data). Taken together, 
these studies have proven the general utility of engineered meganucleases to create 
targeted genome modifi cation in plant species.  

6     Future Perspectives 

 In the past 5 years, sequence-specifi c nuclease technology has taken a great leap 
(Voytas  2013 ). Two new classes of nucleases, TALEN and CRISPR/Cas, have been 
discovered and utilized. Compared to meganucleases and ZFNs, these nucleases are 
easier to engineer and have fewer target site selection constraints. Consequently, 
researchers now have a great collection of tools available to conduct targeted 
genome modifi cation based on their needs. While TALENs and CRISPR/Cas 
increasingly become the nuclease reagents of choice, meganucleases still offer 
unique advantages with the smallest nuclease architecture and high specifi city that 
is particularly valuable for therapeutic applications. Compared to meganucleases, 
ZFNs and TALENs require dimerization to activate the FokI nuclease domain 
before DNA can be cleaved, requiring a pair of monomers to be constructed and 
delivered for a single target site. This architectural requirement limits the potential 
for ZFN and TALEN delivery into certain cell lines using viral vectors. CRISPR/
Cas9 technology exhibits high off-target cleavage when used with single-guide 
RNAs, necessitating the use of nicking enzymes; therefore, two guide RNAs per 
target are required to achieve specifi city equivalent to that of the other major plat-
forms. The need to deliver both the Cas9 ORF plus two guides per target would 
appear to pose signifi cant limitations for the use of CRISPR/Cas9 in therapeutic 
applications requiring viral vectorization. The compact architecture of meganucle-
ases (only 1 kb in size) makes them well suited for therapeutic applications 
(Stoddard  2014 ; Boissel et al.  2014 ). 

 The most challenging limitation of meganuclease technology is the requirement 
for signifi cant engineering efforts to produce enzymes with novel DNA specifi city 
as cleavage and binding activity in meganucleases are tightly coupled. Two strate-
gies have been developed to address the limitation of the present meganuclease 
platform. One is to characterize a large number of naturally occurring endonucle-
ases in the LAGLIDADG meganuclease family (Taylor and Stoddard  2012 ). This 
approach helps expand the collection of meganucleases with distinct target site 
specifi city for genome engineering applications. The other strategy is to create a 
hybrid nuclease architecture by combining the TALE DNA binding domain, due to 
ease of engineering and versatility, with the monomeric nuclease domain from 
meganucleases (Beurdeley et al.  2013 ; Kleinstiver et al.  2014 ; Boissel et al.  2014 ). 
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The resulting nucleases, termed as megaTAL or compact TALEN, have shown great 
potential with high activity and compact architectures. 

 Taken together, a large number of engineered meganucleases have been success-
fully developed for targeted genome modifi cation in numerous organisms, includ-
ing human, mouse, maize, cotton, tobacco, and rice (Arnould et al.  2007 ; Grizot 
et al.  2009 ; Daboussi et al.  2012 ; Valton et al.  2012 ; D’Halluin et al.  2008 ; D’Halluin 
et al.  2013 ; Gao et al.  2010 ; Menoret et al.  2013 ; Gouble et al.  2006 ; Rousseau et al. 
 2011 ; Munoz et al.  2011 ; Popplewell et al.  2013 ; Dupuy et al.  2013 ; Grosse et al. 
 2011 ). This list is expected to expand as nuclease effi cacy and engineering capacity 
are constantly improved (Jarjour et al.  2009 ; Thyme et al.  2009 ). Coupled with the 
growing list of characterized, engineered, and naturally existing meganucleases, it 
can be anticipated that meganucleases will continue to provide valuable tools and 
resources for precise genome engineering in both plant and animal species.     
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    Chapter 3   
 High Effi cient Genome Modifi cation 
by Designed Zinc Finger Nuclease 

             Yiping     Qi     

    Abstract     Zinc fi nger nucleases (ZFNs) are engineered artifi cial nucleases for 
inducing site-specifi c DNA double-strand breaks (DSBs) at the genomic loci of 
interest. There are two major DNA repair mechanisms in plant cells: nonhomolo-
gous end joining (NHEJ) and homologous recombination (HR). Repair of the DNA 
DSBs can lead to different genome modifi cations, such as targeted mutagenesis or 
chromosomal deletions by NHEJ, and gene targeting by HR. Thanks to the recent 
improvement on ZFN-engineering platforms, diverse ZFN-mediated genome modi-
fi cations have been achieved in different plant species, such as Arabidopsis, tobacco, 
petunia, maize, and soybean. The frequencies of ZFN-mediated genome modifi ca-
tions are typically high in somatic cells, but quite low in germinal cells. In order to 
fully empower ZFNs in plant genome engineering, the challenges such as low ger-
minal transmission frequencies and cellular cytotoxicity will need to be addressed 
in the near future.  

1          Introduction 

 Precise genome modifi cations are facilitated by site-specifi c DNA double-strand 
breaks (DSBs). Upon induction of a DNA DSB, the broken chromosome has to be 
repaired to allow the cell cycle to proceed. Nonhomologous end joining (NHEJ) and 
homologous recombination (HR) are two major DNA repair pathways in plant cells 
(Puchta  2005 ; Voytas  2013 ). The NHEJ pathway is error-prone and can lead to 
mutations, while the HR pathway allows precise sequence modifi cation due to its 
homology-based nature. Engineered site-specifi c nucleases can target DNA DSBs 
in a sequence-specifi c manner and thus will facilitate different outcomes of genome 
modifi cation, depending on which DNA repair pathway is used. Zinc fi gure nucle-
ase (ZFN) is one kind of site-specifi c nucleases that has been widely used in genome 
modifi cations in many higher organisms including both model and crop plants 
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(Voytas  2013 ; Carroll  2011 ; Weinthal et al.  2010 ; Tzfi ra et al.  2012 ). ZFNs func-
tions as dimers while each monomer contains a zinc fi nger DNA-binding domain 
and a nonspecifi c FokI nuclease domain (Fig.  3.1 ) (Kim et al.  1996 ; Bibikova et al. 
 2001 ). The zinc fi nger domain typically consists of three to four zinc fi nger DNA- 
binding motifs, with each one recognizing 3-nt DNA sequence. Thus, a ZFN pair 
can recognize an 18 or 24 bp DNA sequence, which is highly specifi c in the genome. 
The modularity of DNA binding by zinc fi ngers makes engineering site-specifi c 
ZFNs possible. In this chapter, I will review how to engineer ZFNs, summarize 
what have been done with ZFNs in modifying plant genomes (Fig.  3.2  and Table  3.1 ), 
and briefl y discuss how to further improve the use of ZFNs in plants.  

2        Making and Testing ZFNs 

 In the past few years, multiple platforms for engineering ZFNs have been devel-
oped. Briefl y, they can be grouped into two categories. The fi rst category is modular 
assembly, which put together individual fi ngers with precharacterized DNA-binding 
specifi cities (Bae et al.  2003 ; Beerli and Barbas  2002 ; Liu et al.  2002 ; Segal et al. 
 2003 ; Mandell et al.  2006 ). Although straightforward, modular assembly generally 
has a low successful rate in generating active ZFNs due to low activities and/or high 
toxicities (Ramirez et al.  2008 ; Cornu et al.  2008 ). With a prescreen for enriching 
fi ngers that were often found in functional ZFNs, a higher successful rate (23 %) 
was reported for modular assembly (Kim et al.  2011 ). More recently, Bhakta et al. 
developed an extended modular assembly method with a much higher successful 
rate (71 %) when variant lengths of zinc fi nger arrays (ZFAs) were tested (Bhakta 
et al.  2013 ). The second category involves prescreening of multi-fi nger archives by 
taking account of context-dependency among neighboring fi ngers. This category 
includes the proprietary platform developed by Sangamo Bioscience (Doyon et al. 

  Fig. 3.1    A ZFN pair and its target site. Schematic of a ZFN pair binding to its target site. In this 
illustration, each ZFN monomer (ZFN-L or ZFN-R) contains a three-fi nger DNA-binding domain 
and a FokI nuclease domain. Each zinc fi nger recognizes a 3-bp sequence. Dimerization of the 
ZFN pair renders recognition of a specifi c 18-bp DNA sequence and allows the FokI nuclease to 
cut the DNA between the two recognition sites—a 5–7 bp region called “spacer”       
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 2008 ), which is commercially available with the brand name CompoZr ®  through 
Sigma-Aldrich ® . This    category also includes some methods that were developed in 
academics, such as OPEN (Oligomerized Pool ENgineering) (Maeder et al.  2008 ), 
CoDA (Cotext-Dependent Assembly) (Sander et al.  2010a ), and an approach using 
an optimized two-fi nger archive (Gupta et al.  2012 ). 

 Many web-based tools are available for designing and selecting ZFNs. Zinc 
Finger Tools allows users to search for ZFNs which can be made by modular assem-
bly (Mandell et al.  2006 ). ZiFit can identify potential ZFN sites in a given DNA 
sequence to facilitate engineering of ZFNs by the OPEN or CoDA method (Sander 
et al.  2010b ). Zinc Finger Database (ZiFDB) has an extensive collection of all pub-
lished zinc fi nger arrays and the updated ZiFDB2.0 version has included all possible 
ZFAs that can be generated by the CoDA method (Fu et al.  2009 ; Fu and Voytas 
 2013 ). ZFNGenome is a genome browser-based tool which helps locate potential 
ZFN target sites in multiple model organisms including Arabidopsis and soybean 
(Reyon et al.  2011 ). 

  Fig. 3.2    ZFN-mediated plant genome modifi cations. ( a ) ZFN-mediated plant genome modifi ca-
tions based on NHEJ. ( 1 ) Imprecise repair of a DNA DSB can result in mutations which are typi-
cally small insertions and deletions (Indels). Two simultaneous DNA DSBs may result in 
chromosomal deletions ( 2 ) and inversions ( 3 ). Two simultaneous DNA DSBs at the target with two 
concurrent ones at the donor by the same ZFN can facilitate gene replacement ( 4 ). ( b ) ZFN- 
mediated plant genome modifi cations based on HR. Depending on the design of target sites and 
donors, repair of a DNA DSB can lead to different outcomes such as defi ned point mutations ( 5 ), 
gene replacement ( 6 ), and gene stacking ( 7 ). Detailed examples of all these ZFN-mediated genome 
modifi cations in plants ( 1 – 7 ) were summarized in Table  3.1        
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 Modifying the plant genomes with ZFNs is not a trivial process. It will be helpful 
if activities and/or toxicities of ZFNs can be tested and measured by an easy reporter 
system. Multiple such systems have been developed. For example, a bacterial two- 
hybrid reporter assay was successfully implemented for rapid assessment of ZF 
DNA-binding affi nity in  E. coli  (Wright et al.  2006 ). A yeast-based assay was used 
for testing cleavage activities of ZFNs in vivo, which predicted  in planta  activities 
very well when ZFNs were expressed in Arabidopsis (Zhang et al.  2010 ). The yeast 
assay described by Zhang et al. employed a single strand annealing (SSA) reporter 
system (Zhang et al.  2010 ), which relies on HR. Because NHEJ is the dominant 
pathway for DNA repair in plants, assays measuring NHEJ activity may be more 
sensitive and effi cient. To this end, a gene correction assay with a mutated 
β-glucuronidase (GUS) reporter was developed in plants, and the readout depended 
on restoration of a functional open reading frame of the reporter gene by NHEJ- 
based repair (Tovkach et al.  2009 ). Similarly, a fi refl y luciferase (LUC) transient 
expression system was established for quantifying relative activities of ZFNs and 
other site-specifi c nucleases in  Nicotiana benthamiana  (Johnson et al.  2013 ).  

3     Targeted Mutagenesis by ZFNs 

 ZFNs can be excellent tools for targeted mutagenesis in plants. Such a reverse 
genetic application was pioneered in the model plant Arabidopsis. In a proof-of- 
concept study, a pre-integrated transgene was successfully targeted and mutated by 
a precharacterized ZFN pair (Lloyd et al.  2005 ). To avoid potential toxicity, a heat- 
inducible promoter was used for driving ZFN expression. About 10 % of induced 
T1 plants gave rise to mutants in the next generation, suggesting it is feasible to 
make mutants with ZFNs (Lloyd et al.  2005 ). In another study, mutations were also 
induced in somatic cells on a transgene by a ZFN pair under constitutive or induc-
ible promoters, but recovery of germinal mutants was not pursued (de Pater et al. 
 2009 ). In 2010, two papers reported the successful use of ZFNs to mutate Arabidopsis 
endogenous genes where ZFNs were driven by different inducible promoters 
(Zhang et al.  2010 ; Osakabe et al.  2010 ). In one study, ZFNs were engineered by the 
OPEN method to target the  ADH1  and  TT4  genes. Upon induction by estrogen, 
ZFNs induced high frequency targeted mutagenesis and germinal transmitted muta-
tions were recovered for both genes (Maeder et al.  2008 ; Zhang et al.  2010 ). In the 
other report, a modularly assembled ZFN pair made targeted mutations in the  ABI4  
gene when expressed under a heat-inducible promoter (Osakabe et al.  2010 ). 
Streamlined protocols for targeted mutagenesis in Arabidopsis using ZFNs are 
available (Qi et al.  2013a ; Zhang and Voytas  2011 ). The success in Arabidopsis 
encouraged the application of ZFNs to other plants. For example, Curtin et al. tar-
geted multiple genes in soybean with ZFNs and recovered a heritable mutation in 
the  DCL4b  gene, demonstrating that soybean is also amenable to ZFN-mediated 
genome modifi cation (Curtin et al.  2011 ).  
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4     Targeted Chromosomal Deletions and Inversions by ZFNs 

 ZFN-induced DSBs typically result in small deletions no longer than 50 bp (Qi et al. 
 2013b ). In order to achieve large chromosomal deletions, two DSBs need to be cre-
ated simultaneously at both ends. Such an idea was demonstrated in human cells 
where different lengths of chromosomes were deleted by two ZFN pairs (Lee et al. 
 2010 ). In plants, targeted chromosomal deletion can be a valuable strategy for 
removing marker genes or reducing genetic redundancy of tandemly arrayed genes 
(TAGs). Petolino et al. sought to demonstrate the use of ZFNs for the deletion of a 
transgene in tobacco (Petolino et al.  2010 ). In their strategy, two different transgenic 
tobacco lines were generated. The fi rst line expresses a highly active ZFN pair that 
was previously used to target the human  CCR5  gene. The second line contains a 
 GUS  transgene cassette which is fl anked by 4 tandemly arrayed CCR5-ZFN sites at 
both ends. These two transgenic lines were crossed and F2 plants with the deletion 
of the  GUS  gene were successfully identifi ed and confi rmed (Petolino et al.  2010 ). 
Genetic redundancy of TAGs poses a challenge for reverse genetics. In a recent 
study, we made multiple ZFNs for targeted deletions of TAGs at different chromo-
somes in Arabidopsis (Qi et al.  2013c ). Since ZFNs were engineered to recognize 
identical sequences in multiple genes, only one pair of ZFN is needed for making 
certain TAG deletions. Chromosomal deletions ranging from a few kb to over 9 Mb 
were found in somatic cells. The estimated deletion frequencies were quite low, 
which hampered the recovery of germinal events. Upon two DSBs, the released 
chromosomal DNA could be inverted and ligated back, resulting in chromosomal 
inversion. Interestingly, we were able to detect such inversions in Arabidopsis. 
However, inversions appear to happen less frequently than deletions (Qi et al. 
 2013c ), an observation that was also found in human cells (Lee et al.  2011 ).  

5     Gene Replacement and Gene Stacking by ZFNs 

 Two decades ago, enhanced HR through induction of DSBs by a site-specifi c endo-
nuclease was demonstrated in plant cells (Puchta et al.  1993 ). However, applying 
this strategy to a gene of interest cannot be realized unless site-specifi c nucleases 
are readily to be made. As ZFNs can be engineered to target virtually any gene, it is 
now possible to stimulate HR-based gene targeting (GT) in plants by using ZFNs. 
A proof-of-concept study was demonstrated in tobacco cells where ZFN-facilitated 
GT was achieved at a high frequency (Wright et al.  2005 ). In this study, repair of a 
defective  GUS :: NPTII  reporter by HR enabled an effi cient screen for GT events 
(Wright et al.  2005 ). In another study, a herbicide resistance gene was inserted into 
the endogenous  CHN50  locus in the tobacco BY2 culture cell line (Cai et al.  2009 ). 
Signifi cant breakthrough was made when two groups independently reported the 
successful generation of heritable recombinant plants through ZFN-mediated GT 
(Townsend et al.  2009 ; Shukla et al.  2009 ). In the fi rst study, tobacco acetolactate 
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synthase genes ( ALS SuRA  and  SuRB ) were modifi ed to confer resistance to 
imidazolinone and sulphonylurea herbicides (Townsend et al.  2009 ). In the second 
study, targeted gene addition at the  IPK1  locus was made in maize (Shukla et al. 
 2009 ). Gene stacking is another very useful and effi cient technique in crop breeding. 
Recently, Ainley et al. demonstrated gene stacking could be achieved by HR through 
targeting a “trait landing pad” with ZFNs (Ainley et al.  2013 ). The above-mentioned 
gene replacement and gene stacking were all achieved by HR. Interestingly, a recent 
study in Arabidopsis and tobacco demonstrated NHEJ could also be used for gene 
replacement when the donor sequences were fl anked by the ZFN sites (Weinthal 
et al.  2013 ). Since NHEJ is the dominant DNA repair pathway in plants, such a 
strategy may work well for gene replacement and gene stacking. 

 In contrast to targeted mutagenesis, GT mediated by ZFNs has achieved limited 
success in Arabidopsis. For example, ZFN-mediated GT at a pre-integrated trans-
genic locus in Arabidopsis was pursued by de Pater et al. and ~0.1 % GT frequency 
was reported (de Pater et al.  2009 ). The same group also attempted to target the 
endogenous  PPO  gene with a ZFN by introducing two mutations which will result 
in recombinant plants resistant to the herbicide butafenacil (de Pater et al.  2012 ). 
They achieved a GT frequency of 0.31 %, which was roughly four times higher than 
no ZFN was applied (de Pater et al.  2012 ). The moderate improvement of GT by the 
ZFN could be due to its low activity and/or a low germinal transmission frequency.  

6     Donor and/or ZFN Delivery 

 Both ZFNs and donors can be delivered into plant cells as transgenes, where 
agrobacterium- mediated transformation was most frequently used (Table  3.1 ). 
Occasionally, non-agrobacterium-mediated transformation was used for either tran-
sient expression in protoplasts or generation of stable transformants (Shukla et al. 
 2009 ; Ainley et al.  2013 ; Zhang et al.  2013 ). As ZFNs work in pairs, equal amounts 
of both ZFN monomers can be generated from a single messenger RNA separated 
by “self-cleaving” 2A peptide sequence (Doyon et al.  2008 ; Sander et al.  2010a ; 
Zhang et al.  2010 ; Szymczak et al.  2004 ; Sollu et al.  2010 ). A Tobacco rattle virus 
(TRV)-based expression system was successfully used to express ZFNs for targeted 
mutagenesis in both tobacco and petunia (Marton et al.  2010 ). Presumably, the RNA 
virus vector DNA would not integrate into the genome and it thus represents a non-
transgenic ZFN-delivery method. It will be interesting to test whether GT can be 
made by simultaneous delivery of donors with this viral vector system. RNA deliv-
ery of ZFNs was routinely done in mammalian cells, zebrafi sh eggs, and insects 
(Gupta et al.  2012 ; Cui et al.  2011 ; Watanabe et al.  2012 ; Chen et al.  2011 ; Beumer 
et al.  2008 ). In addition, protein delivery of ZFNs can be achieved in mammalian 
cells through receptor-mediated endocytosis or even without any facilitation due to 
the intrinsic cell-penetrating capabilities of the ZFN architecture (Chen et al.  2013 ; 
Gaj et al.  2012 ). Also in mammalian cells, single strand DNA oligonucleotides 
were successfully used as donor molecules to facilitate GT (Chen et al.  2011 ). 
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Analogous to the mammalian culture cell system, the plant protoplast system may 
be a good platform for testing the feasibility of using RNA or protein to deliver 
ZFNs and using oligonucleotides to deliver donors.  

7     Cytotoxicity and Off-Targeting by ZFNs 

 ZFNs are often expressed in plants under inducible promoters due to worries of 
potential cytotoxicity (Zhang et al.  2010 ; Lloyd et al.  2005 ; Osakabe et al.  2010 ; 
Qi et al.  2013c ). One plausible explanation for cytotoxicity of ZFNs is off-target 
cutting. Although ZFs are engineered to recognize specifi c DNA sequences, it is 
likely they bind to other homologous sequences as well. A web-based tool was 
developed to search for potential off-target sites by ZFNs in many non-plant 
genomes (Cradick et al.  2011 ). In plants, only limited work has been done for ana-
lyzing ZFN-induced off-target cutting. In Arabidopsis, potential off-target sites 
were identifi ed by a BLAST search and they were subsequently tested for evidence 
of ZFN cutting (Zhang et al.  2010 ). In maize, a high-throughput approach was used 
for measuring off-targeting by ZFNs (Shukla et al.  2009 ). Neither study has found 
evidence of mutagenesis at the potential off-target sites (Zhang et al.  2010 ; Shukla 
et al.  2009 ). Recently, more sophisticated approaches were reported for identifying 
off-target sites in the human genome. Collectively, these studies showed there 
indeed are many potential off-target sites for ZFNs (Gabriel et al.  2011 ; Pattanayak 
et al.  2011 ; Sander et al.  2013 ). Importantly, these off-target sites can only be par-
tially predicted in silico and have to be verifi ed empirically. The wild-type FokI 
nuclease domains can form homodimers and thus also contribute to potential off-
target cutting. To alleviate this problem, obligate FokI heterodimers were engi-
neered which drastically reduced cellular toxicity with minor or no compromise in 
activity (Miller et al.  2007 ; Szczepek et al.  2007 ; Doyon et al.  2011 ). For targeted 
deletions involving two pairs of ZFNs, an autonomous heterodimer FokI architec-
ture combination was proposed for use (Sollu et al.  2010 ). Another FokI-
engineering outcome is zinc fi nger nickases which only break one strand of 
DNAs without introducing DSBs (Ramirez et al.  2012 ). As nicking on DNA is 
thought to largely trigger HR but not NHEJ repair, the nickases can facilitate 
HR-based GT without undesired mutagenic effects. Thus, zinc fi nger nickases 
should be quite useful for HR-based genome modifi cation in crops where off-target 
mutagenesis is a major concern.  

8     Somatic Versus Germinal Modifi cations by ZFNs 

 Successful plant genome modifi cations can only be guaranteed if such modifi ca-
tions will be transmitted to the next generation. In Arabidopsis, we have found that 
germinal transmission frequencies on targeted mutagenesis and deletions were 
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much lower than somatic frequencies (Qi et al.  2013c ), and this phenomenon also 
seemed to be true for other site-specifi c nucleases (Christian et al.  2013 ). In these 
studies, an estrogen-inducible CaMV 35S promoter or a constitutive CaMV 35S 
promoter was used. One possibility is that ZFNs couldn’t be expressed at a high 
level under the CaMV 35S promoter in germinal cells. Other promoters such as 
Arabidopsis ubiquitin 10 promoter (Grefen et al.  2010 ) and an egg-specifi c pro-
moter (Yang et al.  2005 ; Even-Faitelson et al.  2011 ) may allow high or localized 
ZFN expression in germinal cells. The second possibility is that there are much 
fewer germinal cells than somatic cells in each plant. In order to get a higher chance 
for obtaining germinal events, it was recommended to screen progenies from mul-
tiple individual T1 transgenic plants (Qi et al.  2013a ; Zhang and Voytas  2011 ). 
We have also come up a “threshold” hypothesis, where a certain high somatic muta-
genesis frequency (such as 7 %) needs to be reached in order to obtain germinal events 
(Zhang et al.  2010 ; Qi et al.  2013c ). The third possibility is that DNA repair mecha-
nism may be different in plant stem cells when compared to somatic cells. It has been 
reported that the cell niches in Arabidopsis are hypersensitive to DNA damage 
(Fulcher and Sablowski  2009 ). Interestingly, the study also found the hypersensitivity 
of stem cells to DNA damage could be suppressed when the key DNA damage 
response gene  ATM  was knocked out. In the future, it will be worth testing whether 
higher germinal transmission frequency of genome modifi cations can be achieved in 
the  atm  mutant background. The challenge of low germinal transmission frequency of 
genome modifi cation may be pertained in other plants as well. If it is true, an alterna-
tive way to overcome this challenge is to regenerate whole plants from somatic tissues 
as far as the plants are amenable to cell culture and regeneration.  

9     Genetic Approaches to Facilitate High Frequency 
Genome Modifi cations 

 The outcomes of genome modifi cations rely on DNA repair pathways. By manipu-
lating DNA repair pathways, one can potentially enhance the frequencies of ZFN- 
mediated genome modifi cations. Such a strategy was demonstrated in Arabidopsis 
with ZFNs that target endogenous genes (Qi et al.  2013b ). When the sister-
chromatid- based HR pathway gene  SMC6B  was knocked out, the DNA repair path-
way shifted to NHEJ and resulted in higher frequency of targeted mutagenesis. 
When the classic NHEJ pathway genes  KU70  or  LIG4  was mutated, microhomology- 
based alternative NHEJ and HR were both promoted, leading to higher frequencies 
of larger deletions and gene targeting (Qi et al.  2013b ). Enhanced gene targeting 
was also reported by overexpressing the yeast HR gene  RAD54  (Even-Faitelson 
et al.  2011 ; Shaked et al.  2005 ). Thus, genome modifi cations can be improved by 
manipulating DNA repair pathways, which may indirectly contribute to the recov-
ery of germinal transmitted events.  
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10     Future Perspective 

 Besides ZFN, three other site-specifi c nuclease systems are available: meganuclease 
(Smith et al.  2006 ; Paques and Duchateau  2007 ), TALEN (transcription activator- 
like Effector nuclease) (Christian et al.  2010 ; Miller et al.  2010 ; Li et al.  2010 ; 
Bogdanove and Voytas  2011 ), and CRISPR/Cas9 (clustered regularly interspaced 
short palindromic repeats/Cas9) (Cong et al.  2013 ; Mali et al.  2013 ; Jinek et al. 
 2012 ). The emerging TALEN and CRISPR/Cas9 systems are both quite promising 
due to their fl exibility on target site selection and easiness of engineering. TALENs 
have been used in genome engineering in Arabidopsis (Christian et al.  2013 ; Cermak 
et al.  2011 ), tobacco (Zhang et al.  2013 ; Mahfouz et al.  2011 ), rice (Li et al.  2012 ; 
Shan et al.  2013a ), brachypodium (Shan et al.  2013a ), and wheat (Wendt et al. 
 2013 ). The CRISPR/Cas9 system has also worked in the cells of many plants includ-
ing Arabidopsis, tobacco, sorghum, and rice (Miao et al.  2013 ; Jiang et al.  2013 ; 
Mao et al.  2013 ; Feng et al.  2013 ; Xie and Yang  2013 ; Shan et al.  2013b ; Li et al. 
 2013 ; Nekrasov et al.  2013 ). However, the issues faced by ZFNs such as germinal 
transmission, off-target cutting, and chromatin accessibility will likely all apply to 
other nucleases as well. Compared to other nuclease systems, the ZFN technology 
has its own advantages. For example, direct protein delivery of ZFNs into cells was 
possible (Gaj et al.  2012 ), which is unlikely to work for TALENs and Cas9 proteins 
due to their larger sizes and protein characteristics. Unlike ZFNs, both the TALEN 
and CRISPR/Cas9 systems utilized proteins of bacterial origins and this feature 
may render genetically modifi ed organisms (GMOs) generated by either system to 
face a tougher regulation. The ZFN technology has already helped achieve a variety 
of genome modifi cations in plants (Fig.  3.2  and Table  3.1 ). It will likely continue to 
play a signifi cant role in plant genome engineering in the future.     
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    Chapter 4   
 Engineered TAL Effector Proteins: Versatile 
Reagents for Manipulating Plant Genomes 

             Michelle     Christian      and     Daniel     F.     Voytas     

    Abstract     Transcription activator-like (TAL) effectors are proteins produced by 
plant pathogens of the genus  Xanthomonas . They are delivered to plant cells during 
infection and bind to specifi c plant gene promoters to activate transcription and 
promote bacterial infection. DNA binding by TAL effectors is mediated by an array 
of typically 14–24 repeats; each repeat is 34 amino acids in length and folds into a 
hairpin-like structure that contacts a single base in the target DNA. The TAL  effector 
DNA-binding motif has proven highly modular, and custom TAL effector arrays 
can be made to recognize virtually any site in a plant genome, thereby providing a 
valuable reagent for genome manipulation. In particular, when TAL effector arrays 
are fused to a nuclease, they can create targeted double-strand breaks at a locus of 
interest. The repair of the breaks can be directed to achieve a variety of targeted 
genome modifi cations, with applications ranging from understanding plant gene 
function to creating novel traits in agronomically important crop species.  

      Transcription activator-like (TAL) effectors are a class of DNA-binding proteins 
produced by plant pathogenic bacteria of the genus  Xanthomonas . Pathovars of 
 Xanthomonas  infect a wide variety of plants, including rice, citrus, pepper, cotton, 
and soybean, and their TAL effectors are critical for pathogenesis (Mansfi eld et al. 
 2012 ). Upon infecting plant tissue, TAL effectors are secreted into cells via the type 
III secretion pathway. Once inside the cell, they move to the nucleus where they 
bind to promoters and transcriptionally activate host susceptibility (S) genes, such 
as  UPA20 ,  Os8N3 ,  OsTFIIAg1 , or  OsTFX1 , resulting in disease (Fig.  4.1 ) 
(Bogdanove et al.  2010 ). Expression of target genes promotes infection, for example, 
by producing sucrose transporters that feed the colonizing bacteria (Chen et al.  2010 ). 
Over time, plants have evolved mechanisms to resist infection: (1) S gene activation 
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can be reduced by mutations in individual promoter target sites or (2) activation 
traps have evolved in which executor resistance (R) genes are under transcriptional 
control of TAL effectors and have target sequences in their promoters that would 
typically be present in S gene promoters (Fig.  4.1 ) (Bogdanove et al.  2010 ).  

 The fi rst TAL effector discovered was AvrBs3 from  Xanthomonas campestris pv. 
Vesicatoria , a pepper pathogen (Bonas et al.  1989 ). This TAL effector triggers an 
immune response only in plants carrying the disease resistance  Bs3  gene. Two stud-
ies addressed how AvrBs3 elicits either resistance or susceptibility phenotypes in 
related pepper varieties and led to the discovery of a conserved nucleotide sequence 
that is required for host gene activation by TAL effectors, subsequently named the 
“up-regulated by AvrBs3” (UPA) or “up-regulated by TAL effector” (UPT) box 
(Kay et al.  2007 ; Romer et al.  2007 ). These studies showed for the fi rst time that 
sequence-specifi c DNA binding is required for TAL effector function. Thus, the 
hunt began to identify the mechanism by which TAL effector proteins recognize and 
bind their promoter targets. 

  Fig. 4.1    Transcription activator-like (TAL) effectors. TAL effectors are proteins made by 
 Xanthomonas , a genus of plant pathogenic bacteria. Upon infection, the bacteria inject TAL effec-
tors into host plant cells via the type III secretion system; TAL effectors are then transported to the 
nucleus. Once in the nucleus, they bind the promoters of susceptibility ( S ) genes ( red ) that help 
facilitate colonization and promote disease. Mutations in plant gene promoters that affect DNA 
binding prevent disease progression. Plants have also evolved mechanisms for resistance, such as 
use of executor  R  genes ( blue ) that are under transcriptional control of TAL effector target 
sequences, which would normally be present only in  S  gene promoters. Figure adapted from 
(Bogdanove et al.  2010 )       
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 Several features characterize TAL effectors: they have an N-terminus required 
for type III secretion and a C-terminus that contains several nuclear localization 
signals (NLS) and an acidic activation domain (AAD), which is common among 
transcription factors (Fig.  4.2a ) (Boch and Bonas  2010 ). TAL effectors also contain 

  Fig. 4.2    Schematic of a TAL effector and the DNA recognition code. ( a ) Schematic of a TAL 
effector protein. The central region of repeats ( blue squares ) specifi es DNA binding. The nuclear 
localization signals (NLS) and acidic activation domains (AAD) are also depicted. The aa 
sequences for individual repeats of a representative array are shown; repeat variable di-residues 
(RVDs) are highlighted in  blue  and  dashes  indicate conserved aa residues. ( b ) RVD-nucleotide 
association frequencies. The size of the  letter  in the sequence logo refl ects the frequency with 
which RVDs are associated with particular bases (Moscou and Bogdanove  2009 ). ( c ) Schematic of 
a TAL effector repeat array depicting repeat position, RVD identity and the nucleotide target. 
A conserved “T” is shown at the “0” repeat position       
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a central region that is responsible for binding DNA, namely an array of near- perfect 
repeats. Each repeat consists of 34 aa (though variants exist), and nearly all repeat 
arrays terminate with a fi nal, truncated repeat containing the fi rst 20 aa of a canoni-
cal repeat, referred to as a half repeat. Additionally, 33 aa repeats contain a deletion 
of the residue in the 13th position. The number of repeats within a TAL effector 
array varies from protein to protein, ranging from 1.5 to 33.5, with an average of 
17.5. There also exist sequence polymorphisms across TAL effector proteins, both 
in the N- and C-termini and within the repeat array. The most pronounced variabil-
ity exists at residues 12 and 13 of the repeat, referred to as the repeat-variable di- 
residues (RVDs). Among naturally occurring TAL effectors, over 20 distinct RVDs 
have been observed; however, HD, NG, NI, and NN account for over 75 % of the 
total (Moscou and Bogdanove  2009 ).  

 Two landmark papers appeared in 2009 that described the basis for sequence- 
specifi c DNA recognition by TAL effectors (Moscou and Bogdanove  2009 ; Boch 
et al.  2009 ). Each repeat in the TAL effector DNA-binding domain recognizes one 
base in duplex DNA, and both studies derived a DNA-binding “code” for nucleotide 
recognition by the TAL effector repeats. The association frequencies for the most 
common or canonical RVDs in the repeats are as follows: HD binds C most fre-
quently; NG associates with T; NI with A; and NN recognizes both G and A 
(Fig.  4.2b ). Additional common RVDs include NS, which recognizes A, C, and G, 
whereas HG mimics NG in binding to T. N* (missing residue 13 in a 33 aa repeat) 
is the most promiscuous RVD, having been found to associate with all four nucleo-
tides at some frequency. A key feature of nearly all sequences bound by TAL effec-
tors is a conserved T at the −1 position (Fig.  4.2c ). In functional studies of target 
gene activation using TAL effectors, permutation of the conserved T resulted in loss 
of gene up-regulation (Boch et al.  2009 ). Taken together, the one-to-one correspon-
dence between TAL effector repeats and single DNA bases constitutes a simple 
code that can be used to predict TAL effector DNA-binding sites and to design TAL 
effector arrays that recognize unique sequences in any genome. 

 Recent work has provided insight into the structural basis for DNA recognition 
by the TAL effector repeat. One of the fi rst structures solved was an artifi cial TAL 
effector, dHAX3, which has 11 repeats of 34 aa plus the half repeat, representing 
three common RVDs (HD, NG and NS) (Deng et al.  2012 ). The structure was solved 
to high resolution in both the unbound state (1.85 Å) and in complex with DNA 
(2.4 Å). When unbound, the dHAX3 TAL effector has an extended conformation 
that is nearly twice the size of its bound conformation. Concomitantly, the structure 
of the naturally occurring TAL effector, PthXo1 from the rice pathogen  Xanthomonas 
oryzae , was solved (Mak et al.  2012 ). Although the resolution was lower (3 Å), 
PthXo1 has 23.5 repeats that bind two full turns of DNA and has six unique RVDs 
(HD, NN, NG, HG, NI, and N*). In addition, the structure of PthXo1 was solved 
bound to its natural DNA target. Both structural studies revealed that the amino 
acids comprising each TAL repeat form a left-handed, two-helix bundle connected 
by a loop with residues 12 and 13 at the apex. When situated in an array, the self- 
associating repeats form a right-handed superhelix that wraps around the major 
groove of DNA (Fig.  4.3a, b ).  
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 Sequence-specifi c contacts occur between each TAL effector repeat and the 
major groove of DNA (Deng et al.  2012 ; Mak et al.  2012 ). The second residue in the 
RVD loop (position 13) determines nucleotide specifi city by making contacts with 
each base along a single, contiguous strand of the DNA target (Fig.  4.3c ). The fi rst 
residue in the loop (position 12) likely plays a stabilizing role in establishing a “pre- 
bound” conformation by forming a hydrogen bond between the side chain (of 
 residue 12) and the backbone of the fi rst helix in each repeat. The residue in position 
8 of the same repeat also interacts with residue 12, thereby providing stability within 
the individual repeat units. The glutamine (Gln) at position 17 is the only repeat 

  Fig. 4.3    Crystal structure of a TAL effector bound to DNA. The solved crystal structure of the 
PthXo1 TAL effector DNA-binding region in complex with its target site viewed both from the 
side ( a ) and top ( b ) (Mak et al.  2012 ). PthXo1 has 23.5 canonical repeats. Colors of individual TAL 
repeats differ. ( c ) The structure of a representative repeat. The “HD” RVD residues (aa positions 
12 and 13) that recognize a cytosine are highlighted in  red . All images were rendered using 
MolSoft ICM browser software, 2011       
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residue that directly contacts the phosphate backbone. The structure of the PthXo1 
TAL effector bound to its DNA target revealed two “cryptic” repeats (termed the −1 
and 0 repeats) in the N-terminal region just upstream of the canonical repeats (Mak 
et al.  2012 ). These cryptic repeats each form a helix and loop similar to the helix and 
RVD loop of the canonical repeats. A tryptophan residue at the apex of the −1 repeat 
forms a nonpolar contact with the conserved thymidine (T) nucleotide at position 0, 
which is present in nearly all TAL effector DNA target sites. 

 Both structural predictions and the solved crystal structures provide an explana-
tion for observations made in previous functional and molecular studies regarding 
TAL effector/DNA interactions (Mak et al.  2012 ; Bradley  2012 ). Specifi city- 
determining interactions can be classifi ed by the type of contact made between RVD 
loop residues and the DNA base: fi rst, strong hydrogen bonds provide recognition 
for RVDs such as HD to cytosine or NN to a purine (A or G); second, in the absence 
of hydrogen bonds, weaker van der Waals contacts and effi cient packing between 
the backbone of a glycine and a thymidine (T) nucleotide provide the basis of NG 
and HG contacts; third, relaxed specifi city due to the steric exclusion of alternate 
bases serves to explain the preference of NI for A nucleotides; and fi nally, N* 
RVDs, which lack a residue at position 13 and thus lack an appropriate side chain, 
are shown to accommodate any base, with little to no impact on overall affi nity of 
the array (Mak et al.  2012 ). 

1     Genome Editing Using TAL Effector Nuclease Technology 

 The development and implementation of zinc fi nger nucleases (ZFNs) set prece-
dence for the general application of DNA-binding domains fused to nonspecifi c 
Type II restriction enzymes like FokI (Kim et al.  1996 ). However, prior to their 
testing, TAL effector–nuclease fusion proteins were not expected to function the 
same as ZFNs; data suggested that TAL effector proteins form dimers in the cytosol 
of host cells before being transported into the nucleus (Gurlebeck et al.  2005 ,  2006 ; 
Kay et al.  2005 ,  2009 ). Dimerization would have posed problems in engineering a 
TAL effector nuclease using an approach that was successful for ZFNs. The fi rst 
demonstration of TAL effector arrays fused to a FokI nuclease indicated that the 
proteins were indeed able to cleave their predicted targets with effi ciencies compa-
rable to ZFNs (Christian et al.  2010 ). These TAL effector nucleases (TALENs) 
were designed to function as dimers, with each monomer composed of TAL effec-
tor DNA recognition repeats fused to the catalytic domain of FokI (Fig.  4.4a ). 
TALEN monomers were engineered to bind to one of two DNA half-sites separated 
by a spacer sequence. This architecture allows the FokI monomers to dimerize and 
create a double-strand DNA break (DSB) in the spacer sequence between the 
half-sites.  

 Initial work to explore the potential of the TAL effector DNA recognition domain 
for creating targeted nucleases assessed whether native TAL effectors function as 
nucleases when fused with FokI (Christian et al.  2010 ). A yeast-based assay was 
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carried out using a TALEN expression construct and a target reporter. The target 
reporter has a disrupted  lacZ  gene with a 125 bp duplication of coding sequence 
fl anking the TALEN target sequence (composed of two half sites and a spacer 
sequence). If the TALENs bound and generated a DNA double-strand break at the 
target site, the break would be repaired by recombination between the duplicated 
coding sequences, thus reconstituting a functional  lacZ  gene. TALENs derived from 
two native TAL effectors, AvrBs3 and PthXo1, were found to generate LacZ activ-
ity signifi cantly higher (15.8–30-fold higher) than the control yeast cells that con-
tained only the targets. These data demonstrated that TALENs function as 
site-specifi c nucleases in vivo to cleave intended target sequences. 

 A second study demonstrating the development of TAL effector nucleases 
(termed    TALNs) tested the fusion of the FokI nuclease domain to both the N- and 
C-termini of the full length AvrXa7 TAL effector (Fig.  4.4b ) (Li et al.  2010 ). Fusions 
of FokI to the N-terminus were less active than those made to the C-terminus 

  Fig. 4.4    Schematic of a TAL effector nuclease (TALEN) and various TALEN architectures. ( a ) In 
the expanded view of the TALEN, the lengths of various domains are indicated, along with a rep-
resentative TAL effector array and its cognate nucleotide target. The orientation of a full TALEN 
pair is shown with the TALEN target sequence highlighted in  red . ( b ) Truncated TALEN backbone 
architectures. A series of truncations were made to the N- and C-termini fl anking the DNA-binding 
domain. N152 lacks aa up to residue 152 in the N-terminus, whereas truncations made to the 
C-terminus are indicated by the number of aa remaining (e.g., the C63 truncation has 63 aa after 
the last repeat)       
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(approximately 14-fold versus a 290-fold change over the negative control, 
 respectively). Therefore, the currently adopted architecture of TALENs uses 
C-terminal fusions to FokI. Shortly thereafter, a third study was published that 
tested TALENs derived from the Hax3 effector from a mustard pathogen (Mahfouz 
et al.  2011 ). This work verifi ed TALEN activity in vivo using a transient cleavage 
assay in tobacco leaves. Taken together, the initial publications on TALEN technol-
ogy made several important conclusions: fi rst, TAL effector–nuclease fusions retain 
the ability to bind DNA; second, TALENs cleave their predicted DNA targets both 
in vitro and in vivo with activities comparable to ZFNs; third, TAL effector arrays 
can be engineered to recognize novel, predicted DNA targets; and lastly, unlike 
ZFNs, TALENs retain cleavage activity over a range of target spacer lengths. 
Importantly, the modular nature of TAL effector repeat overcame a signifi cant limi-
tation in DNA targeting, and TAL effector-based reagents quickly proved to be very 
robust for targeting any sequence in a genome. A signifi cant bottleneck in initial 
studies, however, was the diffi culty to rapidly engineer novel TAL effector arrays to 
recognize a desired sequence. The response by researchers to overcome this limita-
tion was remarkably swift, and multiple TAL effector engineering methods were 
quickly made available.  

2     Methods to Engineer Novel TAL Effector Arrays 

 As a testament to the almost immediate interest in applications of TAL effector- 
based technology, a number of both publicly and commercially available platforms 
quickly became available for engineering novel TAL effector arrays. One of the fi rst 
and most widely adopted assembly method is based on a highly effi cient cloning 
system, termed Golden Gate, which allows for the ordered assembly of multiple 
DNA fragments in a single reaction (Engler et al.  2008 ,  2009 ). Golden Gate cloning 
capitalizes on properties of certain Type IIS restriction endonucleases, which cleave 
outside their recognition sequence to create unique 4 bp overhangs. The sequence 
of these “sticky ends” are such that after cycles of digestion and ligation, only frag-
ments with corresponding overhangs will come together in the desired order 
(Fig.  4.5 ). Golden Gate-based methods avoid the need for PCR-based assembly, 
which can be error prone, particularly when amplifying the highly repetitive TAL 
effector arrays. Further, no gel purifi cation steps are required, which are tedious and 
time consuming. Other groups have devised methods to scale up the production of 
engineered TAL effectors and are thus considered to be “high-throughput” (Reyon 
et al.  2012 ; Briggs et al.  2012 ; Schmid-Burgk et al.  2013 ). Finally, a number of 
companies have begun to offer TAL effector design and engineering services for a 
fee. These services, though based on proprietary methods, are becoming less costly 
and offer an alternative for academic researchers who wish to use the technology 
without implementing “in-house” assembly methods.   
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3     Modifying Genes Using TAL Effector Fusion Proteins 

 With the assembly of novel TAL effector arrays no longer a bottleneck, the 
 application of the technology to genome engineering accelerated rapidly. In the two 
short years following the publication of the fi rst proof-of-principle studies, over 80 
published examples of TAL effector-mediated genome modifi cation appeared, 
spanning 17 different model organisms. Many studies reported the use of TALEN 

  Fig. 4.5    Golden gate cloning method for assembling TAL effector arrays (Cermak et al.  2011 ). 
Type IIS restriction endonucleases (e.g., BsaI and Esp3I) allow users to rapidly clone modules 
encoding the desired RVDs ( light blue boxes ). RVDs are released with unique cohesive ends for 
ordered, single-reaction assembly into plasmids in a fi rst step. The resulting arrays are subse-
quently released and assembled in sequential order in a second step into a backbone plasmid to 
create full length constructs with custom repeat arrays.  AD  transcriptional activation domain,  tet  
tetracycline resistance,  spec  spectinomycin resistance,  amp  ampicillin resistance,  HIS3  histidine 
biosynthesis marker gene,  NLS  nuclear localization signal,  B  BamHI,  S  SphI       
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pairs to mediate the formation of small insertions and deletions in a gene of interest, 
thereby altering or inactivating the gene product. More complex chromosomal 
modifi cations can be generated when two TALENs pairs are used to create DSBs 
simultaneously, leading to the formation of large deletions and inversions (Ansai 
et al.  2013 ; Carlson et al.  2012 ; Ma et al.  2012 ). One landmark study demonstrated 
that TALENs could effi ciently modify human genes, namely  NTF3  and  CCR5  
(Miller et al.  2011 ). This study also made a critical advance by defi ning an optimal 
TALEN architecture for binding and cleavage, specifi cally preferred N- and 
C-terminal domains fl anking the DNA-binding domain that give optimal TALEN 
activity (see also below). 

 Nuclease-mediated gene editing is advantageous for modifying the genomes of 
organisms that have longer life cycles and present DNA delivery challenges, such 
as large animals and agriculturally important crops. TALENs have been used to 
successfully knockout the low-density lipoprotein (LDL) receptor in miniature pigs 
to create animals that can be used to study cholesterol-related diseases (Carlson 
et al.  2012 ). TALENs have been used to edit genes in several plant species, with the 
fi rst demonstration occurring in tobacco and Arabidopsis protoplasts (Mahfouz 
et al.  2011 ; Cermak et al.  2011 ; Zhang et al.  2013 ). TALENs have been successfully 
used to modify the genomes of whole plants, including barley, rice, and 
Brachypodium (Li et al.  2012a ; Shan et al.  2013 ; Wendt et al.  2013 ). For example, 
a TALEN pair was used to disrupt the natural target of TAL effectors recognized by 
a strain of a rice  Xanthomonas  pathogen in order to render rice plants resistant to 
infection (Li et al.  2012a ). Taken together, these studies demonstrate the potential 
that TALENs offer for modifying crop and livestock genomes to improve plant and 
animal agriculture. 

 Success in fusing the TAL effector DNA-binding domain to an endonuclease 
opened the door for additional applications in which activity of other functional 
domains were directed to a predetermined sequence. There have been several reports 
of successfully altering endogenous gene expression using TAL effector arrays 
fused to transcriptional activator, repressor, or chromatin-modifying domains. The 
AAD present in full-length TAL effector proteins has been harnessed to activate 
expression of endogenous plant genes (Boch et al.  2009 ; Morbitzer et al.  2010 ; 
Romer et al.  2009a ; Scholze and Boch  2010 ). More recently, engineered TAL effec-
tor arrays have been fused to well-characterized activation domains (e.g., VP16 and 
VP64) or repressors (e.g., SID and KRAB) to create artifi cial transcription factors 
that can induce changes in gene expression in the range of twofold to 30-fold (Miller 
et al.  2011 ; Cermak et al.  2011 ; Bultmann et al.  2012 ; Cong et al.  2012 ; Geissler 
et al.  2011 ; Garg et al.  2012 ; Li et al.  2012b ; Maeder et al.  2013 ; Mahfouz et al. 
 2012 ; Perez-Pinera et al.  2013 ; Tremblay et al.  2012 ; Zhang et al.  2011 ). Synergistic 
effects on endogenous gene expression have also been observed upon co-expression 
of multiple TAL effector activators targeting a single promoter in mammalian cells 
(Maeder et al.  2013 ; Perez-Pinera et al.  2013 ). 

 The ease of engineering TAL effector arrays has enabled large-scale studies 
never before seen with other nucleases (Reyon et al.  2012 ; Schmid-Burgk et al. 
 2013 ; Kim et al.  2013 ; Chen et al.  2013 ). One group assembled TALENs for 18,740 
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genes spanning the human genome, and showed that all TALENs tested in a pilot 
study (targeting 124 genes) were active and disrupted their target genes at high fre-
quencies (Kim et al.  2013 ). In addition to the ability to effi ciently scale up studies 
using TAL effector technology, fusions to yet other functional domains to create 
TAL effector recombinases, deaminases, and methylases have also been considered 
to extend the power and utility of TAL effector DNA-binding arrays (Mercer et al. 
 2012 ; Pennisi  2012 ). 

 Efforts have been put forth to create monomeric nucleases with a single DNA 
recognition domain (Beurdeley et al.  2013 ; Fonfara et al.  2012 ; Kleinstiver et al. 
 2012 ). One signifi cant advantage of monomeric nucleases is the reduced size of the 
protein. TALENs are roughly three times larger than other engineered nucleases 
(~1,900 aa total), which can frustrate delivery to cells, whether as DNA, RNA, or 
protein. Furthermore, the highly repetitive nature of TAL effector arrays can com-
plicate efforts to clone, deliver, and integrate a TALEN pair into the genome. Two 
recent proof-of-principle studies demonstrated that the fusion of either a zinc fi nger 
array or a TAL effector protein to the catalytic domain of the I-TevI homing endo-
nuclease resulted in functional designer nucleases with effi ciencies of mutagenesis 
similar to those reported for ZFNs and TALENs (Beurdeley et al.  2013 ; Kleinstiver 
et al.  2012 ).  

4     Optimizing TAL Effector Architecture 

 After studies demonstrated the use of TAL effector fusions for genome modifi ca-
tion, subsequent work focused on optimizing the technology, both to enhance tar-
geting capacity and to eliminate undesirable effects. A potential drawback for the 
use of TAL effectors is their size. Compared to other nuclease platforms, TAL 
effectors are large (~950 amino acids for a TALEN monomer compared with ~310 
amino acids for a ZFN monomer and ~165 amino acids for a meganuclease). Initial 
engineering efforts focused on determining the minimal TALEN architecture 
required to achieve maximum binding and nuclease activity. This included (1) opti-
mizing both the N- and C-terminal regions surrounding the repeat array (termed the 
“backbone”) and (2) determining the number of repeat arrays necessary for optimal 
nuclease activity with spacers of varying lengths. As stated previously, fusions of 
TAL effector proteins to the FokI nuclease were initially constructed using a full- 
length, or near full-length, naturally occurring TAL protein (Christian et al.  2010 ; 
Li et al.  2010 ). In the TAL effector PthXo1, for example, 288 and 295 amino acids 
at the N- and C-termini fl ank the repeat region, respectively. Features present 
within the N-terminal region include up to four cryptic repeats, and the C-terminus 
has two functional NLS along with an AAD (present in the full-length TALEN 
backbone only). 

 To delimit the DNA-binding domain, different research groups made and tested 
various N- and C-terminal truncations (Fig.  4.4b ). For example, an N-terminal 
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 truncation at residue 152 (retaining 136 aa, N152) and C-terminal truncations leav-
ing just 18 amino acids after the repeat domain still allow for effective DNA binding 
(Miller et al.  2011 ; Mussolino et al.  2011 ; Sun et al.  2012 ). The structure of TAL 
effectors bound to DNA is consistent with these observations (Deng et al.  2012 ; 
Mak et al.  2012 ). An earlier study on TAL effector secretion found that the fi rst 152 
residues of the N-terminus mediate transport into plant cells, but are dispensable for 
other functions (Szurek et al.  2002 ). However, additional groups reported that fur-
ther truncation of this region leads to a loss of TAL effector and TALEN function 
(Mussolino et al.  2011 ; Sun et al.  2012 ; Meckler et al.  2013 ). For example, both 
TAL effector activators and nucleases retaining 50–94 residues of the N-terminus 
directly upstream of the fi rst repeat display little or no activity, suggesting that spe-
cifi c residues or structural features within this region infl uence DNA binding and 
likely the stability of TAL effector proteins (Sun et al.  2012 ; Meckler et al.  2013 ). 
Indeed, the reported structure of the N-terminal residues bound to DNA reveals 
cryptic repeats that might initiate critical stabilizing interactions, specifi cally 
between the tryptophan (W232) in the −1 repeat of the PthXo1 effector and the 
conserved T at the 0 position in the TAL effector target sites. N-terminal residues 
148–288 autonomously bind DNA nonspecifi cally, suggesting that the region is 
responsible for initiating nucleation of the repeat super-helical structure that wraps 
around the target (Mak et al.  2012 ; Gao et al.  2012 ). 

 The length of the C-terminus immediately after the last half-repeat of a TAL 
effector DNA-binding domain has a direct impact on the activity of TALENs. In 
contrast to the N-terminus, it appears that little of the C-terminus is required for 
TALEN activity (Miller et al.  2011 ; Zhang et al.  2013 ; Christian et al.  2012 ). TAL 
effectors lacking all but the fi rst 63 aa following the 20th residue of the half-repeat 
of an array are effective as both activators and nucleases (Miller et al.  2011 ). 
TALEN architectures with even further truncation of the C-terminus (termed C17 
or C18, retaining 17 or 18 aa) are also active, and require shorter TALEN spacer 
lengths for optimal activity (12–14 bp) compared to the spacer length requirement 
for the C63 architecture (15–18 bp) (Mussolino et al.  2011 ; Christian et al.  2012 ). 
In plants, a 25-fold increase in mutagenesis was observed at endogenous targets 
with the truncated TALENs relative to those with the near full-length architecture 
(Zhang et al.  2013 ). 

 The length of the TAL effector DNA-binding domain also affects binding effi -
ciency, and thus has been subject to optimization. TAL effectors found in nature 
vary in the number of repeats within a particular array, with an average of 17.5 
repeats (Boch and Bonas  2010 ). A systematic study of TAL effector binding indi-
cates that at least 6.5 repeats are required for activation of a downstream reporter 
gene, and activity greatly increases with 9.5 repeats and continues to rise as repeats 
are added thereafter, until a plateau is reached after 14.5 repeats (Boch et al.  2009 ). 
The general consensus among data from TALEN studies is that between 14 and 18 
repeats is ideal to ensure specifi c binding.  
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5     Factors Affecting DNA Binding 

 Complexities in TAL effector DNA binding were suggested by observations that 
single base pair mutations in the AvrBs3 recognition site result in both qualitative 
and quantitative effects on transcriptional activation (Kay et al.  2009 ; Romer et al. 
 2009b ). Although there is on average no infl uence of immediate neighbors on 
RVD–nucleotide associations (Moscou and Bogdanove  2009 ), individual RVD 
contributions, RVD composition of the array, and array length affect the affi nity and 
specifi city of DNA binding. One landmark study assessed the properties of indi-
vidual RVDs using artifi cial TAL effector transcriptional activators (Streubel et al. 
 2012 ). Several interesting observations were made: TAL effectors containing 
strings of HD and NN RVDs were able to bind cognate polycytosine (C) and poly-
guanine (G) targets, respectively, and activate a downstream reporter gene; how-
ever, the same NN TAL effector was unable to activate a reporter with the cognate 
polyadenine (A) target, despite the known specifi city of NN for both G and A nucle-
otides. Somewhat surprisingly, neither TAL effectors containing NI nor NG RVDs 
were able to activate reporters with their cognate upstream targets (strings of A or 
T, respectively), suggesting that there are both “strong” (HD, NN) and “weak” 
RVDs (NI, NG, NK). 

 In addition to the four most common or canonical RVDs (HD, NI, NN, and NG), 
several uncommon or rare RVDs have been shown to provide novel specifi cities 
(Miller et al.  2011 ; Cong et al.  2012 ; Streubel et al.  2012 ). The RVD NH has speci-
fi city for guanine only, unlike the standard NN RVD that recognizes both G and A 
nucleotides (although perhaps not with equal affi nity). The RVD NP has specifi city 
for three different bases (A, C, and T), and the RVD NS, which was previously 
designated as nonspecifi c, showed a clear preference for A and G, although activity 
of TAL effector arrays with NS were low. In vitro SELEX data fi rst suggested that 
NK RVDs may have higher specifi city for G than NN (Miller et al.  2011 ); however, 
modifi cation of a locus in zebrafi sh was more effective when engineered TALENs 
were made using repeats with NN RVDs rather than NK (Huang et al.  2011 ). In 
vitro binding studies of TALENs containing NN or NK RVDs revealed that binding 
affi nity was greatly reduced with the addition of multiple NK RVDs to an array 
(Christian et al.  2012 ). 

 The guanine-specifi c NH RVD was shown to be much more effi cient at recogniz-
ing G than the NK RVD (Cong et al.  2012 ; Streubel et al.  2012 ). Interestingly, 
NH-containing TAL effectors exhibited signifi cantly higher specifi city for a G-based 
reporter than TAL effectors containing the canonical NN RVD (Cong et al.  2012 ). 
Computational analysis of the relative binding affi nities between the TAL effector 
and its bound DNA revealed that substitution of a single NH for the NN RVD results 
in a gain in free energy in the DNA-bound state. Taken together, these data suggest 
that NH may be a more suitable RVD for targeting G nucleotides. Furthermore, the 
same study revealed that the NA RVD showed similar specifi city for all four bases 
and may be useful for targeting degenerate DNA sequences. 

4 Engineered TAL Effector Proteins: Versatile Reagents…



68

 It is now clear that individual RVDs have differing contributions to the overall 
interaction between TAL effectors and DNA. The concept of designating RVDs as 
“strong” or “weak” was supported when TAL effector function was restored after 
several NI RVDs, which fl anked NK RVDs in a nonfunctional artifi cial TAL effec-
tor array, were replaced with HD (Streubel et al.  2012 ). It is likely that the strong 
RVDs stabilize the TAL effector/DNA interaction suffi ciently such that the presence 
of weak RVDs does not decrease overall TAL effector activity. Quantitative assess-
ment of the affi nity of TAL effectors for DNA has suggested additional complexi-
ties in the previously reported simple TAL effector binding code (Meckler et al. 
 2013 ; Christian et al.  2012 ). In one study, the repeat type was the largest factor in 
affi nity differences between TAL effectors (Meckler et al.  2013 ). Engineered TAL 
effectors with an even distribution of 10 NG, HD and NN RVDs bound their targets 
with high affi nity compared to those containing NI or NK. Although there was not 
a clear linear correlation of affi nity to activation of a reporter gene, the contribution 
of particular RVDs to affi nity was: NG > HD = NN ≫ NI > NK. 

 Additional residues within the backbone of TAL effectors might contribute to 
DNA binding or specifi city (Streubel et al.  2012 ). In addition to the RVDs at posi-
tions 12 and 13 in the repeat, there exists variability among natural TAL effectors at 
positions 4 and 32 (Boch and Bonas  2010 ). There is little evidence that these resi-
dues affect RVD specifi city, but rather play a role in positioning the    α-helices 
(Streubel et al.  2012 ). The differences in amino acid composition in the regions 
outside of the repeats also appear to have little effect on TAL effector binding, 
despite previous conjecture (Bogdanove et al.  2010 ; Streubel et al.  2012 ). Overall 
length of a TAL effector repeat array infl uences effi ciency. Early experiments 
showed that the effi ciency of TAL effector-mediated transcription increases until 
greater than nine to ten repeats are used (Boch et al.  2009 ). This is in agreement 
with experiments performed with a short TAL effector array of only 10.5 that con-
tained either the RVD NN or NH at three fi xed positions: only the NN-containing 
TAL effector was able to activate transcription of the reporter. When additional 
repeats were added to create a 17.5 repeat array, both the NN and NH-containing 
TAL effectors were active (Streubel et al.  2012 ). 

 The directionality of TAL effector protein binding begs the question of whether 
RVDs at different positions in the array contribute equally to affi nity and specifi city. 
Several studies suggested that RVD-nucleotide mismatches at the 5′ end of both 
TAL effector and TALEN targets have greater effects than those made at the 3′ end 
(Meckler et al.  2013 ; Christian et al.  2012 ; Blount et al.  2012 ). Specifi cally, substi-
tution of nucleotides in the fi rst 3 or 6 bp of a target site reduced TAL effector bind-
ing 15-fold and 370-fold, respectively. The same number of substitutions at the 3′ 
end had no signifi cant effect (Meckler et al.  2013 ). 

 A major drawback for nuclease-mediated genome engineering is the sensitivity 
of DNA-binding proteins to cytosine methylation and other epigenetic marks, which 
are widespread in different cell types across species. It has been reported that TAL 
effector DNA-binding domains are affected by the presence of 5-methyl cytosine 
(5 mC) at their endogenous targets (Bultmann et al.  2012 ). This epigenetic modifi -
cation is found in approximately 70 % of CpG dinucleotides in mammalian and 
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plant somatic and pluripotent cells, as well in CpA, CpT, and CpC dinucleotides 
(Jones  2012 ). Moreover, regions of genes most often targeted for gene editing (i.e., 
promoters and proximal exons) contain extensive 5 mC, particularly in CpG islands. 
The standard RVD HD is most frequently used to specify cytosine. However, in 
cases where cytosine is methylated, the structural data predict a clash between this 
5-methyl group and the side chain of aspartic acid (D of HD) (Deng et al.  2012 ; Mak 
et al.  2012 ). Hence, methylation should work against this pairing. 

 Two groups independently reported that both NG and N* (asterisk indicates a 
deletion at residue 13 in the repeat unit) RVDs can accommodate 5 mC in vitro and 
in vivo (Deng et al.  2012 ; Valton et al.  2012 ). Based on solved crystal structures 
containing TAL effectors with NG RVDs bound to DNA targets, it was hypothe-
sized that the lack of a side chain in Gly (of NG RVD) provides suffi cient space to 
accommodate the 5-methyl group of thymine (T) nucleotides (Deng et al.  2012 ). 
This observation suggested that Gly13 of RVDs might also accommodate 5 mC due 
to its structural similarity to T. TAL effector arrays were tested for their binding 
affi nity for 5 mC using electrophoretic mobility shift assays (EMSA), and only 
those containing NG RVDs in place of the standard HD to specify C were able to 
bind their cognate targets. The RVD N* was also used accommodate 5 mC as the 
fi rst example of TALEN-mediated modifi cation of a methylated locus in human 
cells (Valton et al.  2012 ). In the consensus of all repeats, the variable residues (aa 12 
and 13) are followed immediately by two conserved glycine residues; thus N* is 
highly similar to NG except for a shortened RVD loop. The DNA-binding capacity 
and activity of N*-containing TAL effectors remained unaffected by 5 mC, whether 
present on one or both strands of the DNA (Valton et al.  2012 ). The RVD HG has 
similar binding specifi city to NG and might also be a suitable alternative to specify 
5 mC. Thus although binding to DNA by some TAL effectors is thwarted by DNA 
methylation, TAL effector arrays can be engineered to overcome this impediment.  

6     Conclusions 

 The opportunity provided by engineered TAL effector proteins for the targeted 
manipulation of plant genomes has yet to be fully realized. Advances, however, 
are being made at a remarkable pace. In the span of just a few short years, we have 
come to understand the molecular basis by which TAL effectors recognize 
DNA. Importantly, the high degree of modularity of the TAL effector repeat 
achieves DNA targeting with unprecedented effi ciency and fi delity. To date, most 
custom TAL effector arrays have been fused to nucleases to create chromosome 
breaks that enable precise DNA sequence alterations to plant genomes. Future 
work will focus on more effective means of delivering these reagents to plant cells 
and the implementation of strategies to better achieve desired DNA sequence modi-
fi cations. Considerable potential also exists to control plant gene expression and 
the epigenetic state of target loci by fusing TAL effector arrays to a variety of DNA 
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and chromatin modifying enzymes. Without a doubt, effective DNA targeting 
through the use of reagents like custom TAL effector arrays has ushered in a new 
era in plant biology, providing newfound control over the plant genome to achieve 
a better understanding of plant gene function and to harness plant genes to create 
novel traits of value.     
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    Chapter 5   
 Oligo-Mediated Targeted Gene Editing 

             Greg     F.  W.     Gocal      ,     Christian     Schöpke      , and     Peter     R.     Beetham     

    Abstract     Oligonucleotide-mediated targeted gene editing encompasses  technology 
described by many names. These include Oligo-Directed Mutagenesis (ODM) and 
the commercial Rapid Trait Development System ( RTDS ™) from Cibus. ODM is a 
non-transgenic (non-GMO) base pair-specifi c oligonucleotide-directed gene editing 
platform that has been advanced at Cibus over the past decade and has achieved 
novel and commercially valuable traits in crops. This technology harnesses the 
cell’s normal DNA repair system to correct and change specifi c targeted bases 
within the genome of a cell. The Gene Repair OligoNucleotide (GRON), a chemi-
cally synthesized oligonucleotide, is designed to create mismatched base pairs com-
pared to the target sequence within the host organism’s genome. The GRON 
hybridizes at the target region and the mismatched base pairs work to direct the 
cell’s repair system at those sites to correct (replace, insert, or delete) the designated 
base(s). Once the correction process is complete the GRON is degraded and the 
now-modifi ed or repaired gene retains its normal pattern of expression and stability 
within the genome. This technique has been successfully deployed in bacterial, fun-
gal, mammalian, and plant systems. Our work in achieving herbicide tolerance 
traits in acetohydroxyacid synthase (AHAS) genes in oil seed rape (OSR) as well as 
work converting a blue fl uorescent protein (BFP) transgene to green fl uorescent 
protein (GFP) in an  Arabidopsis  model system will be discussed.  

1          Introduction 

 Chemically synthesized and non-modifi ed oligonucleotides were fi rst used for gene 
editing in vivo in yeast (Moerschell et al.  1988 ). Almost 8 years later, oligonucle-
otides were used in mammalian cells initially to correct an episome (Yoon et al. 
 1996 ) and then to correct the point mutation within the nuclear genome in the 
human β-globin gene that causes sickle cell anemia (Cole-Strauss et al.  1996 ). 
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At that time, since the oligonucleotide chemistry used was a RNA/DNA chimeric 
 molecule, the fi rst generation of the ODM technology was termed chimeraplasty. 

 This exciting result spawned a commercial foray into applying this technology 
for gene editing in a variety of organisms and systems demonstrating its applicabil-
ity across plant, animal, human, fungal, and bacterial cells, and showing that this 
technique does not appear to be restricted by cell cycle, gene expression, transcrip-
tion, or other known cellular or genetic activities (Cole-Strauss et al.  1996 ; Kren 
et al.  1997 ; Beetham et al.  1999 ; Zhu et al.  1999 ; Alexeev and Yoon  1998 ; 
Kochevenko and Willmitzer  2003 ; Okuzaki and Toriyama  2004 ; Dong et al.  2006 ). 
The ODM process produces non-transgenic, site-specifi c mutations. Traits pro-
duced using ODM are similar to the more than 2,500 products of classical mutagen-
esis in 180 crops including Clearfi eld canola, wheat, rice, and sunfl ower, which are 
already moving freely in world trade with no labeling or other restrictions applied 
(  http://www.fao.org    ). In plants the initial proof of concept experiments were per-
formed in tobacco and corn (Beetham et al.  1999 ; Zhu et al.  1999 ,  2000 ). In both 
cases point mutations in acetohydroxyacid synthase (AHAS) genes conferring tol-
erance to AHAS-inhibiting herbicides were targeted. AHAS-inhibiting herbicides 
are a modern class of herbicides that are used widely in broad acre agriculture. 
Similar to many modern herbicides the interaction between the plant’s AHAS and 
the herbicide is well understood (Tan et al.  2005 ) and specifi c mutations in the 
gene(s) encoding AHAS are directly related to herbicide tolerance. Sulfonylurea 
herbicides are one of the fi ve classes of AHAS-inhibiting herbicides that block the 
biosynthesis of the branched-chain amino acids valine   , leucine, and isoleucine (Tan 
et al.  2005 ). Tobacco is an allotetraploid species with two AHAS-encoding loci, 
SuRA and SuRB. In the experiments of    Beetham et al. ( 1999 ), one of two AHAS 
genes/loci (SuRA) was targeted in a tobacco cell line known as Nt-1. At a cellular 
level, this work targeted an amino acid substitution at P196 to confer resistance to 
the herbicide chlorsulfuron (Glean, DuPont). This paper demonstrated specifi city 
for SuRA and reported evidence that  RTDS  could also reactivate a mutant transgene 
encoding a green fl uorescent protein (GFP) marker gene, introduced into either the 
tobacco cells or whole plants. 

 In complementary studies by scientists at Pioneer Hi-Bred International, Inc., 
Zhu et al. ( 1999 ,  2000 ) converted the AHAS homologs in maize, again to making 
the cells herbicide tolerant. Additionally, they converted and therefore re-activated 
a mutant GFP transgene in maize. Cells of both the AHAS and GFP conversions 
were then cultured on various media; plants were regenerated and allowed to mature. 
Progeny of these plants confi rmed that the gene conversions were heritable and 
stable as is expected for Mendelian inheritance. 

 It is well documented that the molecular basis of many traits is due to small 
genetic differences, or single nucleotide polymorphisms (SNPs), within critical 
genes. For more than a decade, Cibus, its predecessors and others have been devel-
oping and applying this molecular “spell checking” technology to  direct conver-
sions  (nucleotide changes; SNPs) to the desired location in the specifi ed gene in 
nuclear-encoded genes to develop traits in crop plants. These changes can be site- 
specifi c nucleotide substitutions, as well as insertions and deletions in individual 
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genes of multigene families. Therefore the conversion process can be used to repair 
mutant genes, alter genes, or interrupt normal gene function. This technology is not 
limited to manipulating genes that code for proteins, but has demonstrated that any 
nucleotide sequence (regulatory, coding, and noncoding) can be converted to 
enhance and/or reduce the function and activity of a gene product. In all cases, the 
SNP changes are emulating what often occurs in nature as part of the continuing 
natural genetic diversity. We see this in exponentially increasing detail as we gener-
ate more genome sequence data from plant populations. 

 From a regulatory stand point, the USDA has classifi ed this technology as a 
mutagenesis technique like chemical mutagenesis, only with a directed outcome. 
An assessment of the  RTDS  technology, in Europe known as oligonucleotide-
directed mutagenesis (ODM), was published several years ago by a Belgian group 
(Breyer et al.  2009 ). Their conclusions are in line with the USDA analysis where the 
outcomes of the technology are similar to traditional mutagenesis. It is clear that 
 RTDS -derived products are produced from a more precise and targeted technology 
as compared to traditional mutagenesis. In theory these products are isogenic to the 
parental genetics except for the targeted SNP. Regulators are favorable to technolo-
gies that are more defi ned and measurable (Kuzma and Kokotovich  2011 ). One 
diffi culty will be that SNPs will occur in nature and if by chance these are the same 
as  RTDS - derived  SNPs, they will be indistinguishable from each other. Interestingly 
these SNPs work well with more advanced breeding techniques now deployed in 
agriculture. Many quantitative trait loci (QTLs) are followed using SNPs as molecu-
lar markers in advanced breeding programs are well accepted protocols. 

1.1     Gene Repair Oligonucleotide Structure 

 At Cibus and in the public domain, many oligonucleotide designs have demonstrated 
conversion activity (Beetham et al.  1999 ; Metz et al.  2002 ; Dong et al.  2006 ; Wagner 
et al.  2010 ). Since there are cellular enzymatic activities which can destroy open-
ended RNA and DNA mono and duplex molecules, the ends of these molecules can 
be protected by various chemical modifi cations including capping with “hairpins.” 
Such hairpins were used in the original DNA and RNA chimeric  oligonucleotides. 
Self-complementary chimeric oligonucleotides contain a DNA  “mutator” region of 
5-bp nucleotides complementary to the target site fl anked by 2′- O -methyl RNA seg-
ments. The “mutator” region is synthesized with a mutation designed to be intro-
duced into the endogenous target gene (Beetham et al.  1999 ; Zhu et al.  1999 ; Gamper 
et al.  2000 ; Oh and May  2001 ; Kochevenko and Willmitzer  2003 ; Ruiter et al.  2003 ; 
Okuzaki and Toriyama  2004 ). This design attempted to mimic the formation of a 
complement-stabilized D-loop to direct the targeted conversion. 

 Second generation GRON designs are linear molecules approximately 40 nucle-
otides in length with blocked ends. These molecules are designed to be complemen-
tary with either the coding or the noncoding strand of the target gene, with targeting 
GRONs generally having the targeted nucleotide change (mismatch) towards their 
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center. Non-targeting GRONs, which are used as controls, are completely 
 homologous with the target sequence. Within the peer-reviewed literature, the most 
common design generally blocks the oligo’s termini with three phosphorothioate 
linkages (Pierce et al.  2003 ). Another design blocks the 5′ terminus with the fl uo-
rescent label Cy3 and 3′ terminus with a reverse cytosine base (Dong et al.  2006 ; 
Wagner et al.  2010 ).  

1.2     Delivery 

 In plant systems, various methods for GRON deliver have been used successfully to 
convert endogenous gene targets. For protoplast systems, these include electropora-
tion and PEG-mediated delivery, whereas for monocot crops including corn, rice, 
and wheat, particle bombardment has been used as the preferred method (Zhu et al. 
 1999 ; Kipp et al.  2000 ; Okuzaki and Toriyama  2004 ; Dong et al.  2006 ). Many of the 
early delivery studies were focused on single cells or embryogenic cell suspensions 
using biolistics (Kipp et al.  2000 ). They focused on whether plant cells had the gene 
repair machinery to correct a nonfunctional plasmid carrying the GFP gene. These 
studies confi rmed that both delivery of the plasmid and GRONs and subsequent 
successful repair was possible in many cells. These cells also continued to grow. 
Studies also showed that cell-free extracts from various tissues and plants where 
also competent for plasmid repair using GRONs (Kmiec et al.  2001 ). These studies 
have clearly shown that once the parameters for delivery are optimized for GRONs, 
plant cells have the competence do complete ODM. 

 Importantly, the next endeavors for delivery were to complete chromosomal con-
version. The two gene targets where this work has been described are AHAS and 
GFP (Beetham et al.  1999 ; Zhu et al.  1999 ,  2000 ; Kochevenko and Willmitzer  2003 ; 
Okuzaki and Toriyama  2004 ; Dong et al.  2006 ). Here we also describe work done 
more recently using a Blue Fluorescent Protein (BFP) chromosomal target, where 
by changing one nucleotide the BFP becomes GFP.  

1.3      RTDS  Mechanism/Process 

 By (a) mechanism(s) that are becoming more clearly understood, the mismatched 
nucleotide directs a specifi c mutation in the target gene (see Fig.  5.1 ). We loosely 
designate this process as “ gene conversion .” Once conversion is complete, the 
GRON is degraded and the modifi ed gene remains expressed under the cell’s normal 
control mechanisms. In vitro assays using “cell-free” extracts and various pure 
enzymes demonstrate that the GRON is stable for suffi cient time to direct gene 
conversion and then is quickly degraded.  

 Requirements    for gene conversion vary considerably between bacterial, yeast, 
and mammalian systems. In  E. coli  both MutS and RecA activities are required 
(Metz et al.  2002 ). However   , in yeast overexpression of a RecA homolog RAD51 or 
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the helicase RAD54 signifi cantly improved conversion (Liu et al.  2002 ). In contrast, 
complete loss of expression of MSH2, a component of Mutα (MSH2 and MSH6), a 
eukaryotic homolog of MutS did not affect conversion effi ciency (Rice et al.  2001 ) 
or might even reduce effi ciency (   Maguire and Rice  2007 ). Also in yeast, loss of func-
tion mutations in either of the two Mutβ components (MSH3 and MSH6) somewhat 
improved conversion effi ciency (Rice et al.  2001 ). By    comparison, in mouse embry-
onic stem cells, overexpression of RAD51 or RAD54 signifi cantly improved conver-
sion, whereas a loss of function mutant of msh2(−/−), a component of Mutα (MSH2 
and MSH6) and a eukaryotic homolog of MutS, substantially improved conversion 
effi ciency (Aarts et al.  2006 ; Morozov and Wawrousek  2008 ). Furthermore Morozov 
and Wawrousek ( 2008 ) signifi cantly improved conversion effi ciency by inhibiting 
Ku70/86, components of the nonhomologous end-joining pathway.  

1.4      Application of  RTDS  

1.4.1     Targeting Acetohydroxyacid Synthase 

 As detailed above for tobacco and maize as well as in rice (Beetham et al.  1999 ; Zhu 
et al.  1999 ,  2000 ; Kochevenko and Willmitzer  2003 ; Okuzaki and Toriyama  2004 ), 
a common target used for conversion experiments of targets within plant nuclear 

  Fig. 5.1    The  RTDS  process. Included with permission from Cibus       
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genomes is their acetohydroxyacid synthase (AHAS) gene. In OSR, the BnAHAS I 
and BnAHAS III genes both code for nearly identical (99 % homology) protein 
monomers. The BnAHAS I gene is located in the C genome, whereas BnAHAS III 
is located in the A genome of  Brassica napus . The proteins encoded by these genes 
combine in all three permutations and combinations to form the active AHAS 
enzyme. Through chemical mutagenesis, a mutation was found in the AHAS I gene 
(Tan et al.  2005 ). This mutation is known as PM-1 (a mutation at an equivalent posi-
tion known as 653 based in the AHAS amino acid sequence of  Arabidopsis , a serine 
to asparagine amino acid change, respectively, encoded as AGT to AAT). Another 
mutation was found in the higher expressed gene AHAS III, known as PM-2 (a 
mutation at an equivalent position known as 574, a tryptophan to leucine amino acid 
change, respectively, encoded as TGG to TTG). These two mutations, PM-1 and 
PM-2, are combined in a commercial variety of Canola known as Clearfi eld Canola 
(Tan et al.  2005 ). Although the level of conferred tolerance to each herbicide may 
vary between the PM1 and PM2 mutations, each mutation provides tolerance to the 
plant by disrupting the herbicide’s ability to interact with the AHAS. The introduc-
tion of a single base change in the nucleotide sequence at a specifi c location in each 
of the AHAS I and III genes produces enzymes, each with a change in a single 
amino acid that reduces the ability of the herbicide to block the active binding site 
of that enzyme, allowing branched chain amino acid synthesis to occur even in the 
presence of the herbicide.  

1.4.2     Targeting Green Fluorescent Protein Transgenics 

 We utilized the well-known green fl uorescent protein (GFP) gene for monitoring 
conversion resulting from ODM. In the peer reviewed literature, the single amino 
acid substitution at amino acid 66 of GFP from Y66 (Tyrosine encoded by the codon 
TAC) to H66 (Histidine encoded by the codon CAC) causes the protein to appear 
blue rather than green (Sommer et al.  2006 ). By transforming plants with this modi-
fi ed GFP at this position, we engineered a system where with one SNP we could 
switch its fl uorescence from blue to green. 

 In this chapter we will discuss conversion experiments of two targets (1) the 
AHAS loci in oil seed rape (OSR; aka canola) and (2) blue fl uorescent protein 
(BFP) in transgenic  Arabidopsis  lines.    

2     Materials and Methods 

2.1     Oil Seed Rape AHAS 

 In its simplest form, the ODM process involves introducing into cells a GRON 
designed to target a specifi c mutation within a gene target, the GRON pairing by 
homology with its target and causing the intended mutation followed by 
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regeneration of the converted cells into normal fertile plants. The cell biology 
 process illustrating these steps is presented in Fig.  5.2 . In brief, shoots derived both 
from seeds and from microspore-derived embryos were propagated under sterile 
conditions in vitro. Cuttings were subcultured every 2–4 weeks and cultured in Petri 
dishes (25 × 90 mm) in a volume of 40–45 mL RS medium (Dovzhenko  2001 ) and 
young leaves used for protoplast isolation.  

 As detailed in patent application WO 2009 046334, leaves of 2–3-week-old 
in vitro shoots were cut into small strips with a scalpel in a Petri dish with 5 mL 
medium B (Pelletier et al.  1983 ), and the pH adjusted to 5.8. After approximately 
1 h, medium B was replaced with enzyme solution, consisting of medium B in 
which 0.5 % (w/v) Cellulase YC and 0.75 % (w/v) Macerozyme R10 (both from 
Karlan Research Products, Cottonwood, Arizona), 1 g/L bovine serum albumin, and 
1 g/L 2-morpholinoethanesulfonic acid were dissolved. The enzyme solution was 
vacuum-infi ltrated into the leaf tissue, and the dish with leaf pieces in enzyme solu-
tion was incubated for at 25 °C in darkness. Protoplast purifi cation was performed 
using an iodixanol density gradient (adapted from Optiprep Application Sheet C18; 
Purifi cation of Intact Plant Protoplasts; Axis-Shield USA, 10 Commerce Way, 
Norton, MA 02776). After the density gradient centrifugation, the band with  purifi ed 

Enzymaticisolation
of protoplasts

Imiselection

Development of microcalliPEG-mediated uptake of
GRONs, conversion

Embed protoplasts;
culture

Resistant
plants

  Fig. 5.2    The operating system for ODM in OSR. Leaf-derived protoplasts are isolated, GRONs 
introduced and the protoplasts are embedded in calcium alginate grids where they are cultured to 
form microcalli. After continuous selection, imazethapyr-tolerant calli develop. Tolerant calli are 
transferred to shoot induction media and the developing shoots rooted in vitro       
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protoplasts was removed together with about 5 mL W5 medium (Negrutiu et al. 
 1987 ). The protoplast yield was determined with a hemocytometer, and the proto-
plasts were stored for 2 h at 4 °C. 

 The protoplast suspension was mixed with an equal volume of W5 medium, 
transferred to a 50 mL centrifuge tube, and centrifuged for 5 min at the lowest set-
ting of a clinical centrifuge (about 50 ×  g ). The supernatant was removed and 
replaced with TM medium (   Klaus  2003 ), adjusting the protoplast density to 5 × 10 6 /
mL. Aliquots of 100 μL containing 5 × 10 6  protoplasts each were distributed into 
12 mL round bottom centrifuge tubes. In each experiment a variety of control treat-
ments were performed including no treatment, PEG treatment alone, and non- 
targeting GRONs (whose sequences were identical to the target sequences). GRONs 
targeting a mutation in one or both AHAS genes were then introduced into the 
protoplasts using a PEG treatment. To introduce the GRONs into the protoplasts, 
12.5 μg GRON dissolved in 25 μL purifi ed water and 125 μL of a polyethylene 
glycol solution (5 g PEG MW 1500, 638 mg mannitol, 207 mg CaNO 3  × 4H 2 O, and 
8.75 mL purifi ed water; pH adjusted to about 9.0) was added. After a 30 min incu-
bation on ice, the protoplast-PEG suspension was washed with W5 medium and 
resuspended in medium B. The suspension was kept overnight in a refrigerator at 
about 4 °C. 

 One day after the GRON introduction, protoplasts were embedded in calcium 
alginate. The embedding of protoplasts in gel substrates (e.g., agarose, alginate) has 
been shown to enhance protoplast survival and to increase division frequencies of 
protoplast-derived cells. The method applied was based on that described in 
Dovzhenko ( 2001 ). 

 The selection of imazethapyr-resistant calli was carried out using sequential 
subcultures of the alginates in media according to Pelletier et al. ( 1983 ). Selection 
was started 1 week after the PEG/GRON treatment at a concentration of 0.5 μM 
imazethapyr. Cells and colonies were released by treating the alginate for 30–45 min 
with culture medium containing 50 mM sodium citrate. Two to three weeks after 
the transfer to solidifi ed selection medium (occasionally earlier), actively growing 
calli appeared among a background of brownish cells and microcalli. 

 Over time   , various SNP screening methods have been used to identify converted 
callus lines with targeted mutations in either BnAHAS I or BnAHAS III, and 
sequence confi rmation was obtained for these mutations in the relevant locus. Plants 
were regenerated from protoplast-derived, herbicide-tolerant calli with a confi rmed 
mutation in an AHAS gene. Imazethapyr-tolerant calli that had developed on solidi-
fi ed selection medium and whose DNA upon analysis had shown the presence of a 
mutation were transferred to herbicide-free medium E (Pelletier et al.  1983 ) to 
accelerate development. Individual callus lines varied in their growth rates and mor-
phologies. In general, the development towards shoot regeneration followed these 
steps: Undifferentiated, green callus → callus with dark green areas → development 
of roots → development of shoot initials → development of stunted shoots with 
hyperhydric (vitrifi ed) leaves. 
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 Once shoots with three to four leaves had formed on medium E, they were 
 transferred to RS medium (Dovzhenko  2001 ). On this medium, over time shoot and 
leaf tissue developed that was morphologically “normal” (i.e., non-hyperhydric). 
After in vitro plantlets had produced roots, standard protocols were used for the 
adaptation to greenhouse conditions.  

2.2      BFP to GFP Conversion in  Arabidopsis  

  A. thaliana  ecotype Col-0 lines containing single or multiple BFP copies were pro-
duced through  Agrobacterium -mediated transformation (Clough and Bent  1998 ). 
As described in Sect.  1.4 , the BFP gene used for transformation was based on an 
eGFP gene into which a mutation was introduced at amino acid position 66 (Tyr66 
encoded by codon TAC to His66 encoded by codon CAC). For expression in plant 
cells, the BFP coding sequence was driven by the mannopine synthase promoter 
(Guevara-García et al.  1999 ) and was used in combination with the pea rbcS-E9 
terminator (Genbank Accession number M21375). Protoplast isolation, PEG-
mediated DNA delivery, and protoplast culture were carried out essentially as 
described in Mathur et al. ( 1995 ). 

 The sequences of the targeting coding (C) and noncoding (NC) GRONs are as 
per Wagner et al. ( 2010 ). The non-targeting versions of these GRONs are identical 
to the BFP target in sequence (His66 encoded by codon CAC). The    phosphorothio-
ate version of these GRONs lack the Cy3 label and reverse base at their 5′ and 3′ 
termini, respectively, and have three phosphorothioate linkages at both ends. 

 For the determination of conversion effi ciency, the percentage of green- 
fl uorescing protoplasts was measured one day after GRON delivery using fl ow 
cytometry (Guava EasyCyte; Millipore). In other experiments protoplast were cul-
tured in liquid medium in 24-well dishes, and the development of green-fl uorescing 
(= converted) cells was followed over time. Images were acquired with an 
ImageXpress Micro System (Molecular Devices) equipped with a black-and-white 
CCD camera. Black-and-white images of green-fl uorescing cells were colorized 
green using the imaging program MetaXpress (Molecular Devices).   

3     Results 

3.1     Chromosomal Conversion 

3.1.1     Oil Seed Rape AHAS 

 Over the years, Cibus has successfully targeted three independent mutations in two 
AHAS loci in canola (BnAHAS I and BnAHAS III). The dataset shown in Fig.  5.3  
consists of experiments targeting the mutations (SNPs) S653N (A G T to A A T) and 
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W574L (T G G to T T G) in both BnAHAS I and BnAHAS III. Of 10 experiments, 8 
targeted S653N and 2 targeted W574L using the targeting GRONs detailed in 
Table  5.1 . The target regions were identical to those in the reference sequences for 
BnAHAS I (Genbank accession# Z11524) and BnAHAS III (Genbank accession# 
Z11526; Rutledge et al.  1991 ). In each experiment, similar numbers of protoplasts 
were used in control treatments (no treatment, PEG alone, and/or non-targeting 
GRON—also detailed in Table  5.1 ). Under optimal conditions, up to 2 % of the 
PEG treated protoplasts develop into microcalli (see Fig.  5.2 ). In the absence of 
herbicide selection, from GRON introductions using up to 60 million protoplasts, as 
many as 1.2 million calli can form. As expected, somatic mutations were obtained 
in control treatments for nearly every experiment, the targeted S653N mutation in 
either BnAHAS I or III was  only  obtained in treatments employing either a coding 
or a noncoding targeting GRON. In fact the S653N mutation in BnAHAS III in the 
OSR lines we were able to obtain in our experiments was not obtained in chemical 
mutagenesis experiments performed over several decades in OSR (Tan et al.  2005 ). 

   The Cy3 label enables visualization of delivery effi ciency with >80 % of the 
treated protoplasts receiving GRON in these experiments. 

 By contrast, in experiments targeting the W574L mutation, a similar number of 
targeted mutations (one line obtained with the coding GRON and 2 obtained using 
the noncoding GRON) were obtained in treatments with targeting GRONs com-
pared with events obtained in control treatments. The dataset for the experiments 
targeting W574L is, however, signifi cantly smaller than that for the S653N experi-
ments. Regenerated plants and seed was obtained from more than 80 % of OSR calli 
with confi rmed AHAS mutations with the level of Imi tolerance conferred by each 
targeted mutation being indistinguishable across multiple lines with each mutation.  
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  Fig. 5.3    Frequency of events with mutations in either BnAHAS I or BnAHAS III obtained in ten 
experiments with 8 targeting S653N and 2 targeting W574L. Callus forming effi ciency is approxi-
mately tenfold higher in the control treatments without GRON (none and PEG) than in its presence 
(targeting or non-targeting GRON).  Green bars  indicate the presence of S653N (AAT),  blue bars  
indicate the presence of W574L (TTG), and  red bars  indicate the presence of other mutations (not 
S653N or W574L) in either BnAHAS I or BnAHAS III       
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3.1.2     BFP to GFP Conversion in  Arabidopsis  

 The fi rst BFP-transgenic  Arabidopsis  lines obtained had multiple copies of the BFP 
gene. Experiments with these lines aimed at comparing the effect of coding and 
noncoding GRONs and showed that the coding GRON resulted in conversion barely 
above background, while the noncoding GRON achieved conversion rates in the 
range of 0.05–0.1 % (Fig.  5.4a ). Conversion showed dependence on the concentra-
tion of the noncoding GRON. Increasing the GRON concentration from 40 to 80 μM 
led to a threefold increase, and at 160 μM the percentage of converted protoplasts 
was six times higher compared with the 40 μM treatment (Fig.  5.4b ). Subsequent 
experiments with a line containing a single copy of the BFP transgene resulted in 
similar conversion frequencies.  

 Protoplast derived from BFP/GFP conversion experiments were cultured in 
24-well dishes in liquid medium MSAR1 (Mathur et al.  1995 ). The fi rst division of 
protoplast-derived cells was observed after about 1 week. Interestingly, the major-
ity of dividing converted cells followed an unusual pattern: the division resulted in 
two daughter cells that were separate from each other (Fig.  5.5 ). This interpretation 
is based on the fact that in a given well there were only a few fl uorescing units, most 
of them single cells, and some consisting in clusters of cells that were in close 
proximity, but not physically connected. In Fig.  5.5a  the development of such a 
cluster composed of three cells, one of which is dividing, is shown over the course 
of 3 days.     
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  Fig. 5.4    Effect    of GRON type and concentration on BFP to GFP conversion in  Arabidopsis  pro-
toplasts containing eight copies of the BFP gene. The conversion frequency is the number of 
green- fl uorescing protoplasts expressed as percentage of the protoplasts that were analyzed by 
fl ow cytometry 24 h after GRON introduction. ( a ) Targeting coding (T/C) and targeting noncoding 
(T/NC) were delivered into protoplasts. The non-targeting, noncoding GRON NC/NT was used as 
negative control. ( b ) Protoplasts were transfected with different concentrations of noncoding (NT) 
GRONs, either with the non-targeting (NT) or the targeting (T) version. The GRON concentration 
given in μM refers to the protoplast suspension after adding DNA and PEG       
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4     Discussion 

 Just like site-directed mutagenesis of plasmid DNA in vitro changed the course of 
molecular biology, in vivo gene targeting has been a goal that will forever change 
the course of biological research and product development. Concerted efforts at 
Cibus for more than a decade have advanced this technique in  Arabidopsis  as a 
model system and in OSR to develop the fi rst commercial product using this tech-
nique. To our knowledge this is the fi rst report of gene editing in OSR. Required 
elements to achieve this success were an understanding of the endogenous loci 
being targeted, conversion of these loci at a cellular level and regeneration of the 
converted cells into normal fertile plants. 

 Many peer reviewed publications have demonstrated conversion at a cellular 
level including some with show transient GRON-mediated conversion of plasmid 
templates in vitro and in plant cells (Rice et al.  2000 ; Kmiec et al.  2001 ; Dong 
et al.  2006 ). 

 A distinct advantage of traits developed using  RTDS , a directed mutagenesis 
technique, over those developed as transgenics is that the performance the trait is 
indistinguishable across lines (events) since the level and pattern of gene expression 
for the endogenous gene is retained in the convertant lines. The level of herbicide 
resistance of plants regenerated from calli with a specifi c targeted mutations detailed 

  Fig. 5.5    Development of converted  Arabidopsis  cells. Protoplasts from a transgenic line contain-
ing eight copies of the BFP gene were treated with a GRON targeted at converting the BFP gene 
into a GFP gene. ( a ) Time lapse images of cells derived from a converted protoplast showing the 
division of a converted cell on day 29 after GRON delivery.  Upper panel : images acquired in 
brightfi eld;  lower panel : images acquired with a GFP fi lterset. ( b ) Colony of about six converted 
cells, 4 weeks after GRON delivery. Scale bars 10 μm       
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in Fig.  5.3  was similar between lines with that mutation. As would be expected, the 
targeted mutations in these lines show stable Mendelian inheritance with that for 
our earliest product, to date demonstrating stability for more than 12 generations. To 
our knowledge, some of the specifi c mutations we obtained in the BnAHAS I and 
III targets in OSR were not previously obtained in chemical mutagenesis campaigns 
conducted by others over several decades. Together, we believe, the targeted and 
somatic mutations obtained in these experiments represent the largest collection of 
AHAS mutations in a single crop and parental background. 

 In tobacco a single clone and in rice two clones with the W574 (tryptophan) 
equivalent position successfully mutated to leucine were obtained (Kochevenko 
and Willmitzer  2003 ). Although the S653 (serine) homologous position (S627) was 
targeted in rice by Okuzaki and Toriyama ( 2004 ), no clones were obtained. By com-
parison, Zhu et al. ( 1999 ) obtained 13 independent events targeting the S653 
homologous position (S621) in corn calli. The large number of control (no treat-
ment, PEG alone, and/or non-targeting GRON) treatments as well as the depth of 
the 8 experiments targeting S653N (serine to asparagine) demonstrate the effi cacy 
of  RTDS . This is further endorsed by our signifi cant progress in improving conver-
sion effi ciency in our  Arabidopsis  model system, which has experienced improve-
ments in excess of two orders of magnitude. 

 In the mammalian literature, transgenic cell lines containing one or multiple cop-
ies of mutated versions of the GFP gene are employed for the analysis of gene edit-
ing experiments because the phenotype of converted cells can be quantifi ed by fl ow 
cytometry. The BFP gene in our transgenic  Arabidopsis  lines can be seen as a 
mutated GFP gene that has the advantage of potentially providing a phenotype for 
non-converted cells (Sommer et al.  2006 ). However, the background fl uorescence in 
transgenic  Arabidopsis  protoplasts was too strong to permit the visualization of 
BFP fl uorescence. 

 It is often diffi cult to compare BFP or mutated GFP conversion frequencies 
obtained by different authors. The effi ciency of introduction of targeted changes 
through oligonucleotides measured within the fi rst 2 days after transfection can 
depend on cell type, oligonucleotide concentration and chemistry, method of 
 delivery, cell cycle status, copy number of the targeted gene, and many other factors. 
When fl ow cytometry is used for the quantifi cation of converted cells, the type of 
fl ow cytometer (sensitivity) and the gating to distinguish green fl uorescing cells 
from the background fl uorescence can have an infl uence on the detectable number 
of converted cells. 

 There are few publications on the use of a BFP transgene to assess oligo- mediated 
gene targeting. Andrieu-Soler et al. ( 2005 ) compared the effect of different oligo 
chemistries and lengths on conversion frequency. Depending on the oligo used for 
transfection, chromosomal conversion rates varied from 0.007 × 10 −3  to 2 × 10 −3 . 
Sommer et al. ( 2006 ) describe the conversion of a chromosomal BFP gene to 
GFP. They evaluated conversion qualitatively by microscopy, but do not give infor-
mation about the conversion effi ciency per number of oligo-treated cells. 
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 Wagner et al. ( 2010 ) used GRONs provided by Cibus (described in Sect.  2.2 ). 
The same GRON was used in our conversion experiments targeting BFP in trans-
genic  Arabidopsis  protoplasts as to convert their single copy BFP gene in a trans-
genic HEK cell line. In those experiments, Wagner et al. ( 2010 ) reported that neither 
the noncoding nor the coding version of the GRON resulted in conversion rates 
above background. However, in those experiments, no attempt was made to opti-
mize the GRON concentration. 

 In the cited publications and through what is presented in this chapter, the success-
ful application of the technology has been demonstrated in  Arabidopsis , oil seed rape, 
corn, rice, tobacco, and wheat. To our knowledge, this is the fi rst published report of 
gene targeting being performed in OSR and leading to a commercial outcome.     
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    Chapter 6   
 Gene Targeting in Crop Species 
with Effective Selection Systems 

             Takaki     Yamauchi       and     Shigeru     Iida     

    Abstract     Gene targeting refers to the alteration of a specifi c DNA sequence in an 
endogenous gene at its original locus in the genome by homologous recombination 
and provides a powerful tool for both the functional analysis of the gene of interest 
and the molecular breeding of crop plants. In this chapter, we focus on gene target-
ing in crop plants with effective selection systems, namely, gene-specifi c selection 
and positive–negative selection. So far japonica rice is the only crop species in 
which the reproducible gene targeting of the endogenous genes in the nuclear 
genomes has been reported: two genes by gene-specifi c selection and at least nine 
genes by positive–negative selection. Gene-specifi c selection and positive–negative 
selection are applicable to only a limited number of genes and, in principle, any 
genes, respectively. We discuss some characteristic features and possible future 
developments associated with gene targeting of an endogenous gene with positive–
negative selection in crop species.  
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   BARI    Border-associated random integration   
  BIRI    Border-independent random integration   
  DSB    Double-strand break   
  EGT    Ectopic gene targeting   
  GT    Gene targeting   
  HR    Homologous recombination   
  NHEJ    Nonhomologous end joining   
  OSI    One-sided invasion   
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  TGT    True gene targeting   
  Trp    Tryptophan   
  ZFN    Zinc-fi nger nuclease   

1           Introduction 

 More than a quarter of a century has passed since the fi rst report of successful gene 
targeting (GT) of an artifi cially truncated drug-resistance gene integrated in the 
tobacco genome (Paszkowski et al.  1988 ). GT refers to the alteration of a specifi c 

  Fig. 6.1    Gene targeting with effective selection systems. ( a ) Gene targeting with gene-specifi c 
selection. The introduced point mutation confers a selectable phenotype. The wild-type and 
mutated nucleotides are indicated by  open  and  fi lled pentacles , respectively. ( b ) Gene targeting 
with positive–negative selection and ectopic transgene integrations.  Open rectangles  and  fi lled 
arrowheads  indicate homologous regions carried by the introduced T-DNA segments and their 
border sequences, respectively.  Shaded  and  open areas  within the target gene represent exons and 
introns, respectively. The  hpt  and  DT - A  genes are used as positive and negative markers, respec-
tively. The anticipated TGT is thought to occur via double crossovers at fl anking homologous 
regions, and brackets under the maps indicate junction fragments generated by crossovers and used 
for screening HR events by PCR. The most effi cient mode of transgene integration in 
 Agrobacterium -mediated transformation is BARI, but the resulting transformants are to be killed 
by the expressed DT-A proteins       
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DNA sequence in an endogenous gene at its original locus in the genome by 
 homologous recombination (HR) (Iida and Terada  2005 ; Da Ines and White  2013 ). 
GT provides a powerful tool for both the functional analysis of the gene of interest 
and the molecular breeding of crop plants, because it enables us in principle to con-
vert an endogenous genomic sequence to desired sequences exactly as expected. In 
this chapter, we fi rst briefl y outline general backgrounds on GT and then focus on 
GT in crop plants with effective selection systems, namely, gene-specifi c selection 
and positive–negative selection (Fig.  6.1 ). Therefore, GT in model plants such as 
Arabidopsis and tobacco is briefl y discussed only in the context of GT in crop 
plants. While gene-specifi c selection was successfully applied to the targeting of the 
endogenous 16S rRNA ( rrn 16 ) gene in the plastid genome (Maliga  2004 ; Day and 
Goldschmidt-Clermont  2011 ), this review deals with the reproducible GT of endog-
enous natural genes in the nuclear genome. We also discuss possible future develop-
ments associated with GT of an endogenous gene with positive–negative selection 
in crop species.   

2     General Background on Gene Targeting 

 The integration of an introduced transgene by somatic HR to yield true gene target-
ing (TGT) with the expected sequence alterations occurs in the order of 10 −3  to 10 −6  
compared with random integration, and the overwhelming occurrence of random 
integration of transgenes by nonhomologous end joining (NHEJ) relative to tar-
geted HR is the main obstacle in the development of an effi cient GT system for 
fl owering plants (Vergunst and Hooykaas  1999 ; Iida and Terada  2005 ; Da Ines and 
White  2013 ). In addition to random integration, aberrant recombination events 
associated with GT, called one-sided invasion (OSI) and ectopic gene targeting 
(EGT), have occasionally been detected (Fig.  6.1 ; Iida and Terada  2005 ). OSI 
results from one crossover by HR and another crossover by NHEJ at the target 
locus, whereas EGT is thought to be generated by ectopic integration (integration 
elsewhere in the genome without altering the target gene) of a recombinant mole-
cule produced by HR between the introduced transgene and a copy of the target 
sequence. Therefore, an ectopically targeted locus can also be fl anked by the 
expected sequences to a certain length and can be transmitted into progeny in a 
Mendelian fashion. 

 To circumvent such obstacles, various approaches have been developed to 
enhance GT effi ciency and they include (1) induction of double-strand breaks 
(DSBs) at the target locus in the genome by meganucleases and sequence-specifi c 
engineered endonucleases, namely, zinc-fi nger nucleases (ZFNs), transcription 
activator- like effector nucleases (TALENs), and clustered regularly interspaced 
short palindromic repeat (CRISPR)/CRISPR-associated (Cas)-based RNA-guided 
DNA endonucleases (Puchta et al.  1996 ; Belhaj et al.  2013 ; Marton et al.  2013 ; 
Mussolino and Cathomen  2013 ; Voytas  2013 ; Puchta and Fauser  2014 ; see also 
Chaps.   2    ,   3    ,   4    , and   9    ); (2) engineering of the host recombination and/or repair 
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machinery (Lieberman-Lazarovich and Levy  2011 ; Waterworth et al.  2011 ; 
Da Ines and White  2013 ), or expressing of foreign genes involving HR (e.g., 
Shaked et al.  2005 ), for enhancing HR processes or for suppressing NHEJ pro-
cesses; and (3) effi cient enrichment by effective selection systems, namely, gene-
specifi c selection and positive–negative selection (Table  6.1 ; Endo et al.  2007 ; 
Terada et al.  2002 ).

   DSBs, which have extremely detrimental effects on plant growth, can be repaired 
by HR or NHEJ leading to GT by replacing the native genomic sequences with 
incoming DNA sequences or targeted mutagenesis by rejoining imprecisely at the 
break sites, respectively (Waterworth et al.  2011 ; Puchta and Fauser  2014 ). 
Integration of transgenes is also mediated predominantly by NHEJ; therefore, their 
integration sites are generally random in the genome. Thus, induction of DSBs can 
stimulate the HR-associated repair machinery. While the sequence-specifi c engi-
neered endonucleases-promoted genome editing, GT and targeted mutagenesis, is a 
rapidly growing fi eld, most published studies report on targeted mutagenesis (Belhaj 
et al.  2013 ; Marton et al.  2013 ) because NHEJ is the dominant DNA repair pathway 
in plants and because it is not necessary to appropriately provide a homologous seg-
ment to be recombined. To date, there appear to be only a few reports on the 
 engineered endonuclease-promoted GT of an endogenous gene in crop species; for 
homologous donor molecules to be recombined, plasmids containing a selectable 
marker were used to obtain targeted transgenic maize plants (Shukla et al.  2009 ), 
whereas a single-stranded oligo containing restriction sites was used to isolate rice 
recombinants (Shan et al.  2013 ). 

 Although the engineered endonucleases-promoted genome editing is, in 
 principle, applicable to diverse plant species including crop plants, one of the 
impediments to successful genome editing is off-target effects caused by these 
engineered endonucleases, which promote DSBs at secondary recognition sites in 
the genome, thereby leading to unwanted sequence alterations including DNA 
rearrangements and cytotoxicity (Voytas  2013 ; Puchta and Fauser  2014 ). Since 
genomic sequences are likely to contain such secondary recognition sites (e.g., 
Thyagarajan et al.  2000 ; see also Iida and Hiestand-Nauer  1987 ) and the probabil-
ity of the presence of the secondary recognition sites depends upon genome size, 
genome editing induced by DSBs is intrinsically associated with off-target effects 
in crop plants bearing large genome sizes. Even in homodimeric meganucleases, 
which seem to be less toxic than these engineered endonucleases, they can still be 
harmful at very high doses (Gouble et al.  2006 ). Not only the induction of DSBs 
but also modulation of the recombination and/or repair machinery might hamper 
the functional characterization of the endogenous gene of interest as well as the 
molecular breeding of crop plants, because alteration of the recombination and/or 
repair machinery may result in unexpected or pleiotropic phenotypes. For example, 
suppression of Ku70 involved in NHEJ processes in rice led to increased HR fre-
quency, and its null mutants exhibited severely retarded growth phenotypes 
(Nishizawa-Yokoi et al.  2012 ). In this respect, the approaches to enrich gene- targeted 
recombinants by effective selection systems appear to be less problematic and more 
straightforward than induction of DSBs or modulation of the recombination and/or 
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repair machinery, because no materials other than homologous  segments to be 
recombined with target sequences are necessary to be introduced into the plant 
cells, although an effi cient and large-scale transformation procedure needs to be 
developed (see below).  

3     Gene Targeting with Effective Selection Systems 

 Gene-specifi c selection is based on the facts that certain point mutations in a limited 
number of endogenous genes can confer resistance to certain chemicals (e.g., herbi-
cides), whereas positive–negative selection is, in principle, applicable to any endog-
enous gene (Fig.  6.1 ). It is thus absolutely necessary to know the phenotypes 
beforehand in the case of predesigned mutations obtained by gene-specifi c selec-
tion, whereas no such condition is required for GT with positive–negative selection, 
although genes with predictable mutant phenotypes, such as  Waxy ,  Xyl ,  IRE1 , and 
 Rac1 , were often chosen (Table  6.1 ). Indeed, the fi rst endogenous gene successfully 
targeted by gene-specifi c selection in crop species was the rice  ALS  gene encoding 
acetolactate synthase, in which introduction of appropriate point mutations con-
ferred an herbicide-tolerant phenotype (Endo et al.  2007 ), whereas the fi rst endog-
enous gene successfully targeted by positive–negative selection in crop species was 
the rice  Waxy  gene for granule-bound starch synthase, controlling an agronomically 
important trait, and its null mutants can be easily detected by iodine staining (Terada 
et al.  2002 ). It appears that japonica rice is so far the only crop species in which the 
reproducible GT of the endogenous genes in the nuclear genomes has been suc-
ceeded by either gene-specifi c selection or positive–negative selection; several inde-
pendently isolated fertile transgenic plants carry the exact anticipated sequence 
alterations in the targeted gene (Table  6.1 ). 

 Rice, with its small genome of ~389 Mb, is an important staple food for more 
than half the world’s population and its functional genomics is being vigorously 
pursued (Upadhyaya  2007 ; Wang et al.  2013 ). The success of GT in rice stems 
partly from the development of effi cient  Agrobacterium -mediated large-scale trans-
formation procedures (Terada et al.  2004 ,  2007 ; Toki et al.  2006 ; Ozawa et al.  2012 ). 
Calli derived from mature rice seeds were used for transformation, and such in vitro 
culture may concomitantly induce genetic and epigenetic changes termed soma-
clonal variation that might hamper the functional characterization of the gene to be 
targeted (Kaeppler et al.  2000 ; Jain  2001 ). To minimize somaclonal variation, one 
of the procedures is to shorten the duration of the tissue culture (Toki et al.  2006 ). 
Another possible approach to explore effi cient GT in cereal crops such as japonica 
and indica rice as well as maize is to infect immature embryos directly with 
 Agrobacterium  for effi cient transformation, which may shorten the transformation 
time (Hiei and Komari  2008 ). Since the  Agrobacterium -mediated fl oral-dip trans-
formation that does not require tissue culture is a routine procedure in Arabidopsis 
(Clough and Bent  1998 ),  in planta  transformation of cereals has the potential to be 
developed to suppress somaclonal variation (e.g., Zale et al.  2009 ).  
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4     Gene Targeting with Gene-Specifi c Selection 

 Since only a limited number of endogenous genes can confer acquired resistance 
to certain chemicals by introducing appropriate point mutations (Fig.  6.1a ), GT by 
gene-specifi c selection has been applied to only a few endogenous genes (Iida and 
Terada  2005 ; Da Ines and White  2013 ). The fi rst reproducible GT of an endoge-
nous gene by gene-specifi c selection was the  PPO  gene encoding protoporphyrino-
gen oxidase in Arabidopsis, and appropriate base substitutions in  PPO  conferred 
herbicide resistance (Hanin et al.  2001 ). For crop species, fertile targeted rice 
plants carrying anticipated base substitutions in two genes,  ALS  and  OASA2 , 
encoding acetolactate synthase and α-subunit of anthranilate synthase were suc-
cessfully obtained by gene-specifi c selection with a bispyribac herbicide and a 
tryptophan (Trp) analogue 5-methyl-Trp, respectively (Table  6.1 ; Endo et al.  2007 ; 
Saika et al.  2011 ). The strategy for gene-specifi c direct selection is effi cient and 
straightforward, and the targeting frequencies of  ALS  and  OASA2  were reported to 
be more than 90 % TGT events per selected calli. Because anthranilate synthase 
(AS) plays a key role in the biosynthesis of Trp, and because it is susceptible to 
feedback inhibition by Trp or its analogue, plants carrying designed sequence 
alterations produced seeds with higher Trp content due to insensitivity of the feed-
back inhibition and higher AS activity (Saika et al.  2011 ), thereby potentially con-
tributing to rice breeding.  

5     Gene Targeting with Positive–Negative Selection 

 The vectors to be introduced for all successful GT events with positive–negative 
selection in rice have been essentially the same gene constellation as originally 
developed for targeting of the  Waxy  gene; in the T-DNA region, a positive-selection 
marker is placed within the sequence homologous to the target locus and each of 
two copies of the same negative-selection marker is located outside of the homolo-
gous region in inverted orientation in order to avoid the excision of the homologous 
segment from the T-DNA segment (Fig.  6.1b ; Table  6.1 ; Terada et al.  2002 ). The 
positive marker used is the  hpt  gene for hygromycin resistance, because it is 
more effective than the  nptII  gene for kanamycin resistance in rice, although  nptII  
can be effectively used in rice for paromomycin resistance (Komari et al.  1999 ). 
A similar gene constellation of the vectors with positive–negative selection was 
originally designed for targeting Lotus genes without succeeding in identifying tar-
geted events;  nptII  is placed within the sequence homologous to the target locus and 
the entire homologous region is fl anked by two  codA  genes in direct orientation 
(Thykjær et al.  1997 ). The  codA  gene for the  E. coli  cytosine deaminase, which 
catalyzes the conversion of nontoxic 5-fl uorocytosine to toxic 5-fl uorouracil, has 
been developed as a substrate-dependent negative-selection marker, but it often 
does not appear to be stringent enough for negative selection (Terada et al.  2004 ), 
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probably because 5-fl uorocytosine does not seem to effi ciently penetrate the core 
region of calli and consequently a signifi cant number of escapees appear. Thus, the 
success of positive–negative selection is partly attributable to utilization of the  DT - A     
gene encoding the diphtheria toxin A fragment, which inhibits eukaryotic protein 
biosynthesis without containing its B fragment, which is required for the recogni-
tion of membrane receptors and for the import of the toxin A fragment into the cell. 
Therefore, the DT-A protein cannot be taken up by adjacent cells, and this cell- 
autonomous and unconditional mode of killing is suitable not only for genetic abla-
tion (Day and Irish  1997 ) and but also for negative selection (Terada et al.  2002 ; Iida 
and Terada  2004 ,  2005 ). 

 The majority of the randomly integrated single-copy T-DNA molecules in 
 Agrobacterium -mediated transformation are known to contain the entire T-DNA 
segment with a well-conserved right border and a left-border sequence that is either 
conserved or truncated, which is collectively termed border-associated random inte-
gration (BARI), and two inversely oriented  DT - A  genes placed at both ends of the 
T-DNA segment adjacent to its border sequences are intended to effi ciently  eliminate 
the overwhelming BARI events (Fig.  6.1b ; Terada et al.  2007 ). As expected, the 
majority of the surviving calli with positive–negative selection have the truncated 
segments containing the active  hpt  gene integrated into the genome by NHEJ pro-
cesses independent of BARI, which is termed border-independent random integra-
tion (BIRI). The estimated frequency of BIRI compared with BARI in the targeting 
of the  Waxy  gene was 6.9 × 10 −2  (Terada et al.  2002 ), indicating that positive– 
negative selection resulted in a nearly 15-fold enrichment of gene-targeted calli. 
Subsequently, the surviving calli were subjected to PCR analysis to detect two 
 junction fragments generated by HR between the homologous segments in the 
introduced vector and the endogenous target gene. End sequencing of candidate 
junction fragments, which appeared to be the anticipated size, was then performed 
to unambiguously exclude false-positive junction fragments that resulted from OSI 
and other ectopic recombination evens. We noticed that it was diffi cult to amplify 
the long junction fragment in the  Waxy  promoter region (Terada et al.  2002 ), and 
there may be other regions in the genome that are not conducive to PCR amplifi ca-
tion. Except for such cases, PCR analysis for detecting both junction fragments 
combined with end sequencing can effectively eliminate the OSI events, even if 
they have occurred (Fig.  6.1 ). Subsequent Southern-blot analysis revealed whether 
the transformed calli or their regenerated T0 plants were heterozygotes with TGT 
alleles without containing an ectopically inserted additional transgene. The trans-
genic plants carrying the TGT allele in the heterozygous condition should contain 
one copy each of the truly targeted and untargeted wild-type alleles. If EGT occurred 
in the heterozygous condition, however, the copy numbers of the ectopically tar-
geted and wild-type alleles should be one and two, respectively. In case the inte-
grated locus of an ectopically targeted allele is unlinked to the targeted locus, T1 
segregants homozygous for the EGT allele in the selfed progeny clearly show that 
two copies of the gene at the target locus remain intact. Such a feature of EGT is 
quite different from that of TGT, in which T1 segregants homozygous for the TGT 
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allele bear two copies of a properly modifi ed gene at the target locus (e.g., Yamauchi 
et al.  2009 ). It should be emphasized that such extensive characterization of the 
targeted gene structure in the genome could be performed independent of the func-
tion of the target gene. In other words, the confi rmation of TGT can be accom-
plished without knowing the function of the target gene in advance. 

 Although we repeatedly performed several transformation experiments in our 
fi rst attempt to target the  Waxy  gene (Terada et al.  2002 ), a single transformation is 
generally suffi cient to obtain several independent calli bearing the TGT alleles by 
employing an improved routine transformation procedure (Terada et al.  2007 ; 
Yamauchi et al.  2009 ). For the PCR analysis, it is feasible for one operator to handle 
192 calli in two 96-well plates in a single day. It has been reported recently that 
effi cient  Agrobacterium -mediated GT using rice suspension-cultured calli resulted 
in a more than fi vefold increase in the number of surviving calli per weight of the 
starting material after positive–negative selection, as compared with the conven-
tional transformation using calli on a solid medium (Ozawa et al.  2012 ). Not only 
the gene constellation but also the positive- and negative-selection markers used in 
their vectors (Ozawa et al.  2012 ; Wakasa et al.  2012 ) were essentially the same as 
those in our vectors (Terada et al.  2002 ,  2007 ; Yamauchi et al.  2009 ; Ono et al. 
 2012 ), and the observed GT frequencies in their system, as determined by TGT 
events per surviving callus with positive–negative selection, were comparable to 
those in our GT system (Table  6.1 ). Therefore, it remains to be seen whether the 
observations that the surviving calli grown in a suspension culture are more frequent 
than those grown on a solid medium are due to the increased frequency of BIRI in 
particular or due to that of NHEJ in general. Based on our observations of rice GT 
of  Waxy ,  Adh2 ,  MET1a ,  MET1b , and  ROS1a  with positive–negative selection 
(Table  6.1 ), the following general conclusions can be drawn: (1) targeted calli or 
their regenerated T0 plants are heterozygotes with TGT alleles without containing 
an ectopically inserted additional copy of transgene; (2) the observed GT frequen-
cies are roughly 1–5 %; (3) no ectopic events including OSI and EGT have been 
observed; (4) a targeted null allele that is not transmittable to progeny is repeatedly 
obtained; and (5) single base changes within the homologous segments in the vector 
are effi ciently transferred into the corresponding genomic sequences at the targeted 
locus. Not only  DRM2  (Moritoh et al.  2012 ) but also two rice  DDM1  genes,  DDM1a  
and  DDM1b , encoding SWI2/SNF chromatin remodeling proteins in GT were 
found to meet criteria (1) to (3) (Terada et al.  2007 ; Johzuka-Hisatomi et al.  2008 ; 
Ono et al.  2012 ). 

 Apart from fl owering plants including crop species, the moss  Physcomitrella 
patens  is well known to exhibit high frequencies of HR-dependent GT (Schaefer 
 2002 ; Strotbek et al.  2013 ) although both the transformation methods and the termi-
nology of GT in moss appear to be slightly different from that in rice and other 
fl owering plants (e.g., see Terada et al.  2007 ). In this respect, it may be worth noting 
here that HR-mediated GT with positive–negative selection using an effi cient 
 Agrobacterium -mediated transformation system has been successfully demon-
strated in the liverwort  Marchantia polymorpha  L. with a frequency of ~2 % of the 
surviving thalli (Ishizaki et al.  2013 ). 

6 Gene Targeting in Crop Species with Effective Selection Systems



102

5.1     Knockout and Knockin Targeting 

 Knockout targeting is the ablation of the function of a target gene by introducing a 
foreign DNA segment, usually a selection marker, thereby generating a disrupted 
null allele (Fig.  6.2a ). On the other hand, knockin targeting is the placing of a for-
eign gene of interest or a reporter gene under the control of the  cis -acting regulatory 
elements, including the promoter of a target gene, thereby also generating another 

  Fig. 6.2    Various strategies for gene targeting. ( a ) Knockout targeting. The target gene is disrupted 
by the  hpt  gene. ( b ) Knockin targeting. The promoterless  GUS  reporter gene is fused with the 
promoter of the target gene. ( c ) Replacement of a heterologous gene. The target gene is replaced 
by a heterologous gene. ( d ) Replacement of a homologous gene. The target gene is replaced with 
its base changed allele. The strategy was used to introduce point mutations in the  IRE1  gene 
(Table  6.1 ). The  ΔEn  element is used for effi cient transcriptional termination, but it may not be a 
prerequisite depending on circumstances ( d ). The elimination of the  hpt  and its regulatory ele-
ments from the targeted locus leads to the gene activation in knockout targeting or the desirable 
modifi cations in other targeting (see Fig.  6.3 ). Other  symbols  are as in Fig.  6.1        
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disrupted null allele (Fig.  6.2b ). By combining HR-mediated GT with a site-specifi c 
recombinase system (e.g., Cre- loxP ), strategies for conditional activation (gain of 
function) or inactivation (loss of function) of gene expression in vivo have been 
developed to control spatiotemporal or tissue-specifi c expression of target genes in 
mice (Fig.  6.3 ; Lewandoski  2001 ; Sorrell and Kolb  2005 ). Bearing a possible adap-
tation of such strategies to plants in mind,  hpt  fl anked by two  loxP  sequences was 
designed to insert into an intron of the  Waxy  gene or the 5′-untranslated region of 
the  Adh2  gene in the knockout targeting of endogenous genes in rice (Terada et al. 
 2002 ,  2007 ). To ensure effi cient termination of the transcriptional read-through, the 
 hpt  gene used contains the 3′ terminal part of the maize  En  element,  ΔEn , and its 
effectiveness was subsequently confi rmed (Yamauchi et al.  2009 ).   

 While the  Waxy  gene is unique on chromosome 6 in the rice genome, the  Adh3 , 
 Adh2 , and  Adh1  genes all comprise 10 exons with identical intron positions and are 
clustered in the same orientation on chromosome 11, and highly repetitive  Copia - 
like  and  Gypsy -like elements are present 1.0 kb downstream of  Adh2  and less than 
1.0 kb upstream of  Adh1 , respectively (Terada et al.  2007 ). Even though the  Adh  

  Fig. 6.3    Subtle and localized mutageneses with the elimination of a positive-selection marker. 
Multiple base changes scattered throughout the homologous segments on a vector can be trans-
ferred effi ciently to the rice genome and often may be intermingled with the corresponding plant 
genome sequences, probably due to mismatch correction of heteroduplex intermediates formed. 
The elimination of a positive-selection marker from the targeted locus results in subtle mutagene-
sis and localized mutagenesis. The  hpt  gene represents a positive-selection marker. Site-specifi c 
recombinase and transposase indicate the Cre recombinase and the  piggyBac  transposase, respec-
tively.  Open  and  fi lled lollipops  indicate the Cre recognition sequence  loxP  and the  piggyBac  ter-
minal inverted repeat, respectively. Alternatively, an engineered endonuclease can be used for 
eliminating the positive-selection marker fl anked by the directly repeated endogenous sequences, 
instead of the  piggyBac  terminal inverted repeats, although sequence alterations may occur at the 
excision site. Other  symbols  are as in Fig.  6.1        
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genes, located immediately adjacent to highly repetitive elements, comprise a small 
multigene family and the introduced targeting vector contains the entire  Adh2  and 
part of the  Copia  sequence, no apparent preclusion by the presence of homologous 
and repetitive sequences was observed. GT resulted in the  waxy :: hpt  and  adh2 :: hpt  
( waxy  and  adh2  disrupted by the  hpt  integration) null alleles conferring the 
 anticipated  waxy  phenotype and no apparent phenotypic alterations, respectively 
(Terada et al.  2002 ,  2007 ), and Cre-promoted excision of  hpt  led to reactivation of 
the  Waxy  gene (Terada et al.  2010 ). Subsequently, knockout targeting of the 
 single-copy genes,  Waxy  and  Xyl  (encoding β1,2-xylosyltransferase involved in 
plant-specifi c  N -glycosylation), using rice suspension-cultured calli has recently 
been reported (Ozawa et al.  2012 ). In these cases, the disruption of the target genes 
was confi rmed by the functional defi ciencies of these genes:  waxy  by iodine stain-
ing and  xyl  by analyzing  N -glycans with mass spectrometry. 

 So far only the promoterless  GUS  reporter gene encoding β-glucuronidase has 
been used for knockin targeting, in which it has been fused with the endogenous 
promoters of the following target genes:  MET1a  and  MET1b  for maintenance DNA 
methyltransferases,  DRM2  for de novo DNA methyltransferase, and  ROS1a  for 
5-methyl cytosine DNA demethylase in rice (Yamauchi et al.  2009 ,  2014 ; Moritoh 
et al.  2012 ; Ono et al.  2012 ). It should be emphasized that the null mutant pheno-
types of these genes were all unknown in advance. The transgenic rice plants having 
the disrupted null mutations in  MET1a ,  MET1b ,  DRM2 , and  ROS1a  were found to 
exhibit no overt phenotypes, abnormal seed phenotypes associated with viviparous 
germination or early embryonic lethality, pleiotropic developmental phenotypes, 
and no transmission of the disrupted null allele to progeny, respectively. Although 
the  ros1a  null mutation, being not transmittable to progeny, is impossible to isolate 
by conventional mutagenesis techniques that are used to identify and isolate mutants 
in the progeny population (Upadhyaya  2007 ; Wang et al.  2013 ), several indepen-
dent mutants carrying an identical structure of the predesigned targeted knockin 
allele in the heterozygous condition were reproducibly obtained (Ono et al.  2012 ). 
Moreover, independently isolated mutants bearing the knockin-targeted  met1a -
 GUS  and  met1b - GUS  alleles showed the reproducible, dosage-dependent, and spa-
tiotemporal  GUS  expression patterns (Yamauchi et al.  2009 ,  2014 ), and 
independently isolated  ros1a - GUS  mutants in the heterozygous condition also dis-
played the reproducible and spatiotemporal  GUS  expression patterns (Ono et al. 
 2012 ). The level of  ROS1a  transcripts that accumulated in the independently 
obtained heterozygous lines was approximately half that in the wild-type plants, 
suggesting that  ROS1a  is also expressed in a dosage-dependent manner. The spatio-
temporal expression patterns of  GUS  generally coincided with their expression pat-
terns indicated by RT-PCR analysis and with the in situ hybridization patterns of the 
corresponding wild-type transcripts in wild-type rice. These characteristic features 
of the  GUS  expression patterns in the knockin-targeted plants are in sharp contrast 
to the interindividual variation of transgene expression observed among indepen-
dently obtained plants bearing the randomly integrated transgenes (Butaye et al. 
 2005 ; Yamauchi et al.  2009 ). 
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 Although various genes may be expressed in a dosage-dependent manner, no 
apparent incomplete dominance has been detected in the heterozygous conditions, 
according to Mendel’s fi rst law (e.g., see Watson et al.  2008 ). This apparent dis-
crepancy can be explained by assuming that these ordinary genes are generally 
expressed more than twice as much as the necessary levels in the wild type. 
Consistent to this notion, dosage-dependent expression of a certain gene is the 
primary cause of the observed incomplete dominance (Johzuka-Hisatomi et al. 
 2011 ). Because the knockin-targeting strategy allows detection of spatiotemporal 
expression of the target gene, utilization of other more sensitive markers such as 
green fl uorescent protein, in combination with other available techniques includ-
ing fl uorescence-activated cell sorting, would facilitate further detailed character-
ization of the target gene function through in vivo analysis and/or isolation of 
viable tissues expressing the target gene (Ono et al.  2012 ). It is worth noting that 
the introduction of a 3-kb internal deletion caused a reduced targeting frequency of 
 DRM2  (Table  6.1 ). Similar reduced targeting frequencies associated with introduc-
ing internal deletions were observed in the liverwort  Marchantia polymorpha  L. 
(Ishizaki et al.  2013 ). A strategy for the replacement of a heterologous gene or 
sequence (e.g., substitution of the endogenous petunia  DFR  gene with the maize 
 DFR  gene for fl ower pigmentation; see Meyer et al.  1987 ) may closely resemble 
that for knockin targeting with an internal deletion(s) adjacent to the positive-
selection marker (Fig.  6.2c ), followed by elimination of the positive-selection 
marker (see Fig.  6.3 ).  

5.2     Toward the Development of Desired Subtle 
and Localized Mutageneses 

 Not only the knockout- or knockin-targeted null mutations but also subtle mutations 
such as point mutations or small deletions and insertions provide valuable informa-
tion about the function of the target gene, e.g., particular amino acid residues within 
a functional domain of a protein or specifi c sites within  cis -regulatory elements 
(Sorrell and Kolb  2005 ; Menke  2013 ). The fi rst such attempt using GT with posi-
tive–negative selection was to introduce two different predesigned missense muta-
tions separately into either a kinase domain or a ribonuclease domain of the  IRE1  
gene involved in the unfolded protein response (Table  6.1 ; Wakasa et al.  2012 ). 
Instead of  hpt  being placed within the target gene in the knockout or knockin target-
ing (Fig.  6.2a, b ), it was placed adjacent to the target gene (Fig.  6.2d ). Subsequently, 
a single base substitution was introduced in the  Rac1  gene encoding a Rac/Rop 
GTPase by gene targeting with positive–negative selection (Table  6.1 ; Thi Dang 
et al.  2013 ), followed by elimination of  hpt  from a  Rac1  intron by site-specifi c Cre 
recombinase (Fig.  6.3 ; see below). 

 An important observation was made for developing an effi cient generation of 
subtle mutations during the characterization of two crossover sites between the 
fl anking ~6-kb homologous regions of the  hpt  gene on the T-DNA-based vectors 
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and their corresponding genomic regions: effi cient transfer of multiple base changes 
(point mutations) scattered throughout the two homologous segments of ~12 kb in 
total occurred from the vector to the rice genome, implying that major crossover 
events tended to occur near the outer ends of each homologous segment (Fig.  6.3 ; 
Johzuka-Hisatomi et al.  2008 ). Not only the point mutations within the  Adh2  gene 
but also those on the adjacent  Copia -like element were simultaneously transferred 
into genome, indicating that multiple point mutations on two or more contiguous 
genes could be concurrently introduced. Since the transferred point mutations from 
the vector were often intermingled with the corresponding plant genome sequences 
(Fig.  6.3 ), it would also be feasible to conduct localized mutagenesis to create new 
combinations of point mutations derived from the vector and the corresponding 
genome sequences. The observed intermingled point mutations on the entire homol-
ogous segments are most likely to be a result of the mismatch correction of hetero-
duplex molecules formed between the genomic and introduced T-DNA sequences 
(Johzuka-Hisatomi et al.  2008 ). Although double-stranded DNA intermediates are 
thought to serve mainly in the normal integration processes of T-DNA into the plant 
genome by the NHEJ machinery (Tzfi ra et al.  2004 ; Weinthal et al.  2013 ), single- 
stranded T-DNA molecules are likely intermediates in the HR-mediated TGT pro-
cesses with positive–negative selection because the transient expression of the 
double-stranded  DT - A  gene in the intermediates formed in the plant nucleus is 
thought to kill host plant cells and because the effi cient transfer of base changes 
along with the long heteroduplex formation and mismatch correction appears to be 
easily explainable by a single-stranded T-DNA intermediate model among other 
alternative models (Iida and Terada  2004 ,  2005 ; Johzuka-Hisatomi et al.  2008 ). 

 For generation of subtle mutations, it is prerequisite to eliminating 
 positive- selection markers from the targeted loci after introduction of point muta-
tions into the target gene (Fig.  6.3 ). Various strategies have been developed to 
remove positive- selection markers from transgenic plants, and they include the uti-
lization of site- specifi c recombinases, transposases, and sequence-specifi c engi-
neered endonucleases (Hohn et al.  2001 ; Yau and Stewart  2013 ; Li et al.  2013 ; 
Weinthal et al.  2013 ). Of these, site-specifi c recombinase Cre-promoted excision of 
 hpt  from the targeted  Waxy  and  Rac1  loci was shown to result in reactivation of 
these genes (Terada et al.  2010 ; Thi Dang et al.  2013 ). However, excision of selec-
tion markers by site-specifi c recombinases leaves one copy of the recognition 
sequence (e.g.,  loxP  site for Cre recombinase) at the excised site. Likewise, exci-
sion of selection markers by the  Ac  transposase originated from maize nearly always 
leaves a footprint sequence (small sequence alterations including insertions and 
deletions) at the excised site. The presence of the foreign  loxP  sequence may affect 
the expression of the nearest gene under certain circumstances. Since the 34-bp 
 loxP  site is originated from bacteriophage P1, plants containing a  loxP  sequence are 
regarded to be transgenic plants (Nielsen  2003 ). In this respect, the  piggyBac  trans-
posase system is superior to the Cre- loxP  system: the  piggyBac  transposon, origi-
nally isolated from the cabbage looper moth  Trichoplusia ni  genome, inserts at 
target sites with the sequence TTAA and usually excises itself precisely without 
leaving any footprint sequences (Li et al.  2013 ). Moreover, it has been demonstrated 
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recently that  piggyBac  transposase-promoted precise excision of selection markers 
without leaving any sequence alterations at the excised site in rice (Nishizawa-
Yokoi et al.  2014 ). Thus, it would be feasible to generate subtle mutant rice plants 
by GT with positive–negative selection, in which a positive marker is designed to 
place into an appropriate TTAA sequence, followed by  piggyBac  transposase-medi-
ated precise excision of the selection marker. A viral gene-expression system for the 
delivery of ZFNs into target cells in order to introduce genomic DSBs has also been 
recently reported, and a characteristic feature of this system is that the targeted cells 
can be classifi ed as nontransgenic because viral RNA genomes do not integrate into 
the plant genome (Marton et al.  2010 ,  2013 ). It is conceivable that the  piggyBac  
transposase, instead of ZFNs, can also be delivered into the target cells in order to 
eliminate positive-selection markers without leaving any sequence alterations at the 
excised site.   

6     Future Prospects 

 Even though the sequence-specifi c engineered endonuclease-promoted genome 
editing has become quite popular in applying the functional analysis of the gene 
of interest and the molecular breeding of crop plants, there has been slow but 
steady progress in HR-mediated GT with positive–negative selection in rice, an 
important staple food for more than half the world’s population (Table  6.1 ). 
One of the characteristic features of rice GT with positive–negative selection is 
that multiple base changes on vectors can be concurrently transferred into the rice 
genome, and the transferred base change is localized at least in a 6-kb range of 
segment from the  hpt  gene (Fig.  6.3 ; Johzuka-Hisatomi et al.  2008 ). Another is 
that a null allele that is not transmittable to progeny can be repeatedly obtained, 
because reproducibly obtained targeted calli or their regenerated T0 plants are 
heterozygotes with the TGT alleles (Ono et al.  2012 ). Although the nontransmit-
table null alleles must provide invaluable information about the function of the 
gene of interest, it is impossible to isolate by conventional mutagenesis techniques 
(Upadhyaya  2007 ; Wang et al.  2013 ) or by an  in planta  gene-targeting procedure 
proposed recently (Fauser et al.  2012 ), because the desired mutants are isolated in 
the progeny population. 

 For molecular breeding in rice, it would be feasible to develop a new vector 
system in order to minimize various potential risk factors. Instead of the  hpt  gene, 
the mutated rice  ALS  gene for herbicide tolerance can be used as a positive-selection 
marker (Endo et al.  2007 ) for increasing public acceptance of the technology and for 
fulfi lling criteria for intragenic crop plants, in which the inserted DNA segment is 
derived from the transformed species itself or from closely related species capable 
of sexual hybridization (Nielsen  2003 ; Rommens et al.  2007 ; Holme et al.  2013 ). 
P-DNA, a plant-derived transfer DNA containing border-like sequences (Rommens 
et al.  2007 ), can be employed even though P-DNA sequences are not retained in the 
targeted genome. Although the DT-A protein is not regarded as a toxin because of 

6 Gene Targeting in Crop Species with Effective Selection Systems



108

the cell-autonomous killing activity and its gene is not carried by the targeted 
genome, its designation itself may give a discomforting impression when applied to 
a breeding program in crop species. In this respect, other possible negative-selection 
markers suitable for breeding programs in the future may be genes encoding 
RNases, Barnase and RNase T1, from  Bacillus amyloliquefaciens  and  Aspergillus 
oryzae , respectively, because they are suitable for genetic ablation (Day and Irish 
 1997 ). In particular,  A. oryzae  is a fungus widely used in traditional Japanese fer-
mentation industries including soy sauce, sake, and vinegar production. To utilize 
the gene encoding RNase T1 as a negative-selection marker, it must be modifi ed, 
e.g., by using an appropriate rice intron (intragenic sequence), in order to express 
effi ciently in rice and simultaneously to prevent from killing the prokaryotic host 
cells, namely  E. coli  and  Agrobacteria , through its leaky expression. To remove the 
mutated rice  ALS  gene, an appropriate viral gene-expression system can be utilized 
for the delivery of  piggyBac  transposase into target cells (Fig.  6.3 ). For desired 
subtle mutagenesis, the resulting intragenic plants should bear only a predesigned 
subtle mutation, only the sequence of which differs from the parental sequence. 
Such a project will be a challenge even with regard to rice, but if it could be realized, 
it would serve as a prototype for the future development of optimal GT in other 
agronomically important crops.     
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    Chapter 7   
 Recombinase Technology for Precise Genome 
Engineering 

             James     G.     Thomson       and     Ann     Blechl     

    Abstract     Here we review multiple uses of site-specifi c recombination and their 
applications in plant genomic engineering. We also outline various strategies for the 
combined use of multiple site-specifi c recombinase systems to precisely target trans-
genes into a predetermined locus and remove unwanted selectable marker genes. 

 For three decades, genetic engineering via introduction of DNA via  Agrobacterium  
or biolistic technologies has been used to make plants with new traits. These meth-
ods can be employed to introduce new genes and/or alter the expression of native 
genes. These modifi cations of plant genomes have allowed scientists to establish 
relationships between genes and their effects on plant development, metabolism, 
and composition. The use of a variety of promoters has been established to drive 
gene expression in a constitutive, developmental, or tissue-specifi c fashion. 
Inducible promoters (e.g., heat shock, wounding) and promoter systems (glucocor-
ticoid and estrogen based) are now available that allow the use of external signals to 
control gene expression. As we detail below, such control, when combined with 
site-specifi c recombination, allows one to remove unwanted selectable marker 
genes, turn genetic switches on or off, resolve complex insertions, and perform 
targeted integration. 

 With the release of genetically engineered (GE) versions of major crops such as 
cotton, soybean, canola, and maize with commercially useful traits, control of 
genetic modifi cation for commercial production (Bioscience 58:391–401, 2008) 
has become an issue of global importance. The enhancements in crop quality 
through GE technology have had signifi cant and positive impacts on farm income 
due to a combination of increased productivity and reduced inputs. In 2007, the 
direct global farm income benefi t from biotech crops was $10.1 billion. Since 1996, 
farm incomes have increased by $44.1 billion (GM Crops Food 3:265–272, 2012) 
and thus the economic incentives for GE crops continue to grow. The isolation of 
stable transgenic lines with predictable and stable levels of transgene expression is 
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highly desired but using standard approaches (e.g.,  Agrobacterium  or biolistic 
technologies) is labor intensive and costly. It is often necessary to screen hundreds 
of independently transformed plants to identify those with suitable transgene struc-
ture and expression. Therefore, research endeavors are focused on goals to elimi-
nate random DNA integration and/or reduce the frequency of multi-copy transgene 
insertions, and to reduce or eliminate events that exhibit unreliable transgene expres-
sion (In Vitro Cell Dev Biol Plant 41:213–219, 2005). Site-specifi c recombination 
is a promising tool that can be used to address these challenges for crop genome 
engineering. In this review, we examine previous studies and discuss recent advances 
in the applications of site-specifi c recombinase technology.  

1         Introduction 

 Here we review multiple uses of site-specifi c recombination and their applications 
in plant genomic engineering. We also outline various strategies for the combined 
use of multiple site-specifi c recombinase systems to precisely target transgenes into 
a predetermined locus and remove unwanted selectable marker genes. 

 For three decades, genetic engineering via introduction of DNA via  Agrobacterium  
or biolistic technologies has been used to make plants with new traits. These meth-
ods can be employed to introduce new genes and/or alter the expression of native 
genes. These modifi cations of plant genomes have allowed scientists to establish 
relationships between genes and their effects on plant development, metabolism, 
and composition. The use of a variety of promoters has been established to drive 
gene expression in a constitutive, developmental, or tissue-specifi c fashion. 
Inducible promoters (e.g., heat shock, wounding) and promoter systems (glucocor-
ticoid and estrogen based) are now available that allow the use of external signals to 
control gene expression. As we detail below, such control, when combined with 
site-specifi c recombination, allows one to remove unwanted selectable marker 
genes, turn genetic switches on or off, resolve complex insertions, and perform 
targeted integration. 

 With the release of genetically engineered (GE) versions of major crops such as 
cotton, soybean, canola, and maize with commercially useful traits, control of 
genetic modifi cation for commercial production (Wang and Moeller  2008 ) has 
become an issue of global importance. The enhancements in crop quality through 
GE technology have had signifi cant and positive impacts on farm income due to a 
combination of increased productivity and reduced inputs. In 2007, the direct global 
farm income benefi t from biotech crops was $10.1 billion. Since 1996, farm incomes 
have increased by $44.1 billion (Brookes and Barfoot  2012 ) and thus the economic 
incentives for GE crops continue to grow. The isolation of stable transgenic lines 
with predictable and stable levels of transgene expression is highly desired but using 
standard approaches (e.g.,  Agrobacterium  or biolistic technologies) is labor inten-
sive and costly. It is often necessary to screen hundreds of independently transformed 
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plants to identify those with suitable transgene structure and expression. Therefore, 
research endeavors are focused on goals to eliminate random DNA integration and/
or reduce the frequency of multi-copy transgene insertions, and to reduce or eliminate 
events that exhibit unreliable transgene expression (Ow  2005 ). Site-specifi c recom-
bination is a promising tool that can be used to address these challenges for crop 
genome engineering. In this review, we examine previous studies and discuss recent 
advances in the applications of site-specifi c recombinase technology.  

2     Recombinase Types and Catalysis 

 Site-specifi c recombinase systems were discovered in bacteria and yeast, where 
they facilitate a number of biological processes, including the phase variation of 
certain bacterial virulence factors and the integration of bacteriophages into host 
genomes. Site-specifi c recombination occurs at a specifi c DNA sequence or recog-
nition site and involves DNA cleavage and reunion, resulting in integration, dele-
tion, or inversion of a DNA fragment without the gain or loss of nucleotides 
(Fig.  7.1 ). The orientation of the recognition sites determines whether the interven-
ing DNA is integrated, deleted, or inverted (Grindley et al.  2006 ).  

 The recombinase superfamily can be split into two fundamental groups, the tyro-
sine and serine recombinases. This division is based on the active amino acid (Tyr 
or Ser) within the catalytic domains of the enzymes in each family. Each family can 
be further subdivided into subfamilies based on either size or mode of recombinase 
action. The fi rst and best-characterized group are bidirectional tyrosine recombi-
nases and includes the Cre- lox  (Sauer and Henderson  1990 ), FLP- FRT  (Golic and 
Lindquist  1989 ), and R- RS  (Onouchi et al.  1991 ) systems, where Cre, FLP, and R 
are the recombinases and  lox ,  FRT , and  RS  are their respective DNA recognition 
sites (i.e., sequences the enzymes recognize to perform recombination). Both recog-
nition sites, while unique to each of the enzymes in this subfamily, are identical and 
confi gured as inverted repeats surrounding a spacer sequence. The spacer sequence 
is also known as the “region of crossover” and is the DNA that is exchanged during 
recombination. This sequence is further required for directionality or orientation of 
the recognition sites and determines whether the outcome is an excision, integra-
tion, or inversion event. The inverted repeats comprise the binding domain of the 
recombinase enzyme. Because the recognition sites of this subfamily are identical 
(Fig.  7.2a ) and DNA exchange occurs without loss of nucleotides, the recombina-
tion reaction is fully reversible. However, intramolecular recombination (excision) 
is kinetically favored over intermolecular reaction (integration).  

 During recombination, a Holliday junction is formed between the DNA 
 recognition sites and the tyrosine recombinase protomers (Grindley et al.  2006 ). 
DNA strand swapping is a two-step process with a mandatory isomerization to 
reconfi gure the synaptonemal complex and allow the reaction to go to completion 
(Grindley et al.  2006 ). Cleavage of the DNA occurs at the spacer sequence (region of 
crossover) where an 8 bp staggered cut is formed between adjacent strands (Fig.  7.2a ). 
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Homology between the two “regions of crossover” is required for completion of the 
recombination reaction. Modifi cations to the 8 bp “region of crossover” have become 
a crucial element in the engineering of unique heterospecifi c recognitions sites for 
more sophisticated recombinase strategies (see below). 

 Members of the other tyrosine recombinase subfamily have nonidentical recog-
nition sites typically known as  attB  (attachment site bacteria) and  attP  (attachment 
site phage) (Fig.  7.2b ). These enzymes perform irreversible recombination unless 
helper proteins are also present. The unidirectional tyrosine recombinases that have 
been shown to be useful for genome manipulation include HK022 (Gottfried et al. 
 2005 ; Kolot et al.  1999 ) and a modifi ed form of λ (Christ and Dröge  2002 ). While 
these are the least utilized division of the recombinase superfamily for DNA manip-
ulation, it should be pointed out that the modifi ed version of λ is widely used in the 
commercially available “Gateway ® ” cloning system (  http://www.lifetechnologies.
com/us/en/home/life-science/cloning/gateway-cloning.html    ). 

  Fig. 7.1    Schematic representations of reactions catalyzed by site-specifi c recombinases. The 
recombinases (not shown) for these scenarios can be provided in  cis  or  trans . ( a ) Excision and 
integration events. The “A” DNA is fl anked by directly oriented recombinase recognition sites ( red  
and  striped arrows ). A promoter ( bent arrow ) is outside the recognition sites. The excision event 
removes the “A” DNA between the associated recognition sites, leaving the external DNA “B” 
intact and adjacent to a single hybrid recognition site. The non-replicating circular DNA fragment 
is most often lost or rarely reintegrated if the hybrid site is functional. The system can also be used 
in reverse to integrate the “A” DNA into the genome located recognition site. A specifi c application 
of the excision reaction is in Molecular Switches (see text). In that case, The “A” DNA is a stuffer, 
a selectable marker coding region with transcription terminators that prevent read-through to 
the “B” DNA, which is a GOI. The marker gene in “A” is driven by a promoter ( bent arrow ) out-
side of the recognition sites. The excision event that removes the stuffer sequence will delete the 
transcription terminators and bring the previously distal GOI “B” in proximity for transcription. 
A specifi c application of the integration reaction is when the “B” gene is a negative/positive select-
able marker and integration of the “A” DNA prevents “B’s” expression. Site-specifi c integrants can 
be detected by applying the negative selection for “B” expression. This strategy facilitates gene 
targeting and the reuse of genomic locations that support stable reproducible levels of transgene 
expression. ( b ) Inversion event. The “A” and “B” DNA’s are fl anked by inversely oriented recom-
binase recognition sites ( red  and  striped arrows ). A promoter ( bent arrow ) is outside the recogni-
tion sites. Site-specifi c recombination results in an inversion of the DNA between the original sites 
and production of hybrid sites. The reaction is reversible if the hybrid sites are functional. A spe-
cifi c application of inversion is in Molecular Switches (see text). In that case, expression of “A” 
gene can be inactivated and expression of the “B” gene can be activated an inversion reaction that 
brings “B” DNA into correct proximity of the promoter       
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 The serine recombinase family also has two distinct subfamilies, the division 
being based on the size of the enzyme and the type of recognition sites used. 
Catalysis by these enzymes involves the covalent bonding of a serine residue and 
the formation of a synaptonemal complex, which leads to a concerted four-strand 
DNA cleavage and 180° twist event to complete the recombination process (Grindley 
et al.  2006 ). While stand cleavage for all the serine recombinases results in a 2 bp 
overhang (region of crossover), the composition of the recognition sites can be dras-
tically different. Nevertheless, homology between the recognition sites’ 2 bp “region 
of crossover” is required for reaction completion. 

 The small serine subfamily (aka. resolvase/invertase) includes β- six  (Diaz et al. 
 2001 ), γδ- res  (Schwikardi and Dröge  2000 ), CinH- RS2  (Kholodii  2001 ; Thomson 
and Ow  2006 ), and ParA- MRS  (Gerlitz et al.  1990 ; Thomson and Ow  2006 ) where 
β, γδ, CinH, and ParA are small serine recombinases, and  six ,  res ,  RS2 , and  MRS  
are their respective DNA recognition sites. For the archetype Tn3, the recognition 
site contains three 12 bp inverted repeats (aka. binding sites) with space between 
regions of differing lengths designated  res I ,  II , and  III  (Fig.  7.2c ).  Res I  is the site 

  Fig. 7.2    Examples of site-specifi c recombinase recognition sites of the four recombinase families. 
The  horizontal arrows  delineate inverted repeats within the recognition sites. The  black triangles  
show the sites of cleavage during recombination. The  blue  nucleotides are the region of crossover 
between the recognition sites. In order for recombination to occur, these  blue  nucleotides need to 
be identical in the two interacting sites. ( a ) The Cre/loxP system is a member of the tyrosine family 
with identical recognition sites. The reactions catalyzed by these enzymes are reversible. ( b ) The 
HK022/att system is a member of the tyrosine recombinase family with nonidentical recognition 
sites. The reactions catalyzed by these enzymes are nonreversible unless accessory proteins are 
also present. ( c ) The CinH/RS2 system is a member of the small serine family with identical rec-
ognition sites. However, the reactions catalyzed by these enzymes are nonreversible due to forma-
tion of synaptonemal complexes with considerable strain that act as directional fi lters. ( d ) The 
Bxb1/att system is a member of the large serine recombinase family with nonidentical recognition 
sites. The reactions catalyzed by these enzymes are nonreversible       
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of cleavage, crossover, and exchange and is separated from  res II  and  III  by 22 bp 
in an asymmetric arrangement. The subsites  res II  and  III  participate in the twisted 
antiparallel complex confi guration that forms the structure (synaptonemal com-
plex) required for recombination. A total of six small serine resolvase protomers are 
required per recognition site, thus 12 per synaptonemal complex. While recombina-
tion mediated by these small serine recombinases utilizes identical recognition 
sites, only intramolecular excision events result. This appears to be due to tight 
requirements for synaptonemal formation, where recognition sites must be located 
in the correct orientation on the same stand of negatively supercoiled DNA in order 
for the accessory sites ( res II  and  III ) to interact prior to synapsis (Ghosh et al. 
 2003 ). Studies have determined that due to conformational strain of the synaptone-
mal complex formation, small serine recombinases cannot effectively facilitate 
intermolecular integration (Mouw et al.  2008 ). This is also known as a topological 
fi lter (Grindley et al.  2006 ). Therefore, an excision event mediated by a small serine 
recombinase family member is considered irreversible. 

 The large serine subfamily is represented by phiC31 (Rubtsova et al.  2008 ; 
Thomason et al.  2001 ), TP901-1 (Stoll et al.  2002 ), R4 (Olivares et al.  2001 ), Bxb1 
(Keravala et al.  2006 ; Kim et al.  2003 ; Thomson and Ow  2006 ), and U153 (Thomson 
and Ow  2006 ). These enzymes act on two small recognition sites approximately 
50 bp in size that differ in sequence. The recognition sites are typically known as 
 attB  and  attP  and after recombination, yield hybrid product sites known as  attL  and 
 attR  (Fig.  7.2d ). Excision, inversion, or integration reactions can occur, but because 
the recognition site sequences of  attB  and  attP  become the hybrid sites  attL  and 
 attR , the reactions cannot be reversed, unless a second protein, the corresponding 
excisionase, is also present (Ghosh et al.  2006 ; Thorpe et al.  2000 ). Compared to the 
small serine recombinases, the large recombinases form relatively simple synapto-
nemal complexes mediated by only four protomers. Complex formation is not the 
limiting step for recombination and thus integration reactions are possible. Although 
the catalytic domains are similar among the serine recombinases, the large types 
have longer C-terminal domains that have been shown to participate in DNA bind-
ing (Smith et al.  2010 ). They suggest that these domains stabilize the synaptonemal 
complexes, allowing intermolecular reactions to occur (Smith et al.  2010 ). The 
direction of the recombination event appears to be infl uenced by at least two factors: 
a protein/effector called recombinase directionality factor (RDF) (Ghosh et al. 
 2003 ; Khaleel et al.  2011 ) and the homology between the 2 bp “region of crossover” 
formed after cleavage (Zhang et al.  2010 ).  

3     Application: Excision 

 Site-specifi c recombination was among the fi rst methods used to create transgenic 
plants without retention of the selectable marker transgenes used to identify them 
(Dale and Ow  1991 ; Russell et al.  1992 ). Widespread adoption of this technology 
would constitute a bioconfi nement strategy that would eliminate the possibility of 

J.G. Thomson and A. Blechl



119

selectable marker transgenes spreading to other plants (Sang et al.  2013 ). Removal 
of the selectable marker also allows reuse of the same selection regime for subse-
quent rounds of gene transfer. A number of recombinase-mediated marker deletion 
strategies have been reported in model plants (Gils et al.  2008 ; Hare and Chua  2002 ; 
Hohn et al.  2001 ; Thomson et al.  2009 ,  2010 ,  2012 ), as well as in food crop species 
(Ballester et al.  2007 ; Blechl et al.  2012 ; Cao et al.  2006 ; Chawla et al.  2006 ; Chong- 
Pérez et al.  2012 ; Cuellar et al.  2006 ; Djukanovic et al.  2008 ; Gilbertson et al.  2003 ; 
Hoa et al.  2002 ; Hu et al.  2008 ; Kapusi et al.  2012 ; Kempe et al.  2010 ; Kerbach 
et al.  2005 ; Lyznik et al.  1996 ; Radhakrishnan and Srivastava  2005 ; Rubtsova et al. 
 2008 ; Sreekala et al.  2005 ; Srivastava et al.  1999 ; Srivastava and Ow  2003 ; Wurdig 
et al.  2013 ; Zhang et al.  2003 ; Zou et al.  2013 ). Recent reviews on the topic of 
recombinase-mediated excision strategies in plants are Gidoni et al. ( 2008 ), Moon 
et al. ( 2011 ), and Wang et al. ( 2011 ). 

 Of particular note is the recent development of the large serine irreversible 
phiC31 and Bxb1 systems as potential plant genome engineering tools. PhiC31 was 
shown to be fully functional in germ line cells of  Arabidopsis , barley and wheat, 
where it mediated precise excision of a DNA fragment from the genome (Kapusi 
et al.  2012 ; Kempe et al.  2010 ; Thomson et al.  2010 ). It has also been used for exci-
sion in tobacco plastid genomes (Kittiwongwattana et al.  2007 ). Bxb1 also has the 
ability to excise DNA from both the plant nuclear (Thomson et al.  2012 ) and plastid 
genomes (Shao et al.  2013 ). These studies demonstrate that these recombination 
systems are suitable for the generation of marker-free, recombinase-free progeny 
from transgenic plants. 

 Several researchers have designed sophisticated refi nements to the excision strat-
egy, including the use of developmentally specifi c or inducible promoters to control 
recombinase expression (reviewed in Gidoni et al.  2008 ) and one-step auto-excision 
strategies for DNA removal. In the latter strategies, a gene(s) of interest (GOI), the 
marker gene, and the recombinase are cloned into a single transformation construct 
with the recombinase gene under the control of an inducible promoter such as a heat 
shock promoter (e.g., HSP81-1) (Hoff et al.  2001 ; Liu et al.  2005 ; Takahashi et al. 
 1992 ). The selection gene is generally fl anked by directly oriented recognition sites 
with the GOI inserted outside of the region fl anked by the sites allowing it to remain 
in the genome after an excision event. After transformation, the transgenic plants 
are treated (e.g., by heat shock) to induce expression of the recombinase and removal 
of the selectable marker. 

 In some of these designs, the recombinase Cre was fused to various ligand- 
binding domains (Logie and Stewart  1995 ; Metzger et al.  1995 ) or to the estrogen 
hormone receptor so that the fusion protein could not reach the nucleus in the 
absence of the ligand (Brocard et al.  1998 ; Danielian et al.  1998 ; Feil et al.  1996 ; 
Hunter et al.  2005 ; Kellendonk et al.  1996 ; Wunderlich et al.  2001 ). In the presence 
of the hormone inducer, a recombinase-mediated excision event deleted the inter-
vening region between directly oriented recognition sites (e.g.,  lox ) removing both 
the recombinase and the selectable marker genes. Auto-excision strategies like this 
have been applied in  Arabidopsis  (Zuo et al.  2001 ), tomato (Zhang et al.  2006 ), 
maize (Zhang et al.  2003 ), aspen (Matsunaga et al.  2002 ), rice (Sreekala et al.  2005 ), 
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and tobacco (Liu et al.  2005 ; Wang et al.  2005 ). Because chemicals or heat shock 
treatments are required for recombinase synthesis or nuclear localization, such 
marker gene deletion strategies may not be applicable to all plant species. Another 
potential limitation of this approach is that ectopic or leaky expression of the recom-
binase could lead to premature excision that will decrease the number of transfor-
mants recovered by selection (Li et al.  2007 ). On the other hand, if induction is not 
complete and recombinase levels are low, transgene excision may not occur in all 
cells of the germ line and chimeric plants will result. 

 The auto-excision strategy can be used to excise the entire backbone of the 
 Agrobacterium  plasmid after its transfer into plant cells (Kondrak et al.  2006 ). In 
this application, the R recombinase was employed to eliminate the insertion of non-
T- DNA bacterial sequences into the plant genome, an undesirable side effect of 
 Agrobacterium -mediated transformation. Such extraneous DNA is thought to 
enhance gene silencing and destabilize transmission of the T-DNA to progeny. 
Auto-excision strategies could also be applied in “intragenic” approaches to trans-
formation, where only “native” plant DNA is used in the vectors that integrate into 
plant genomes. For  Agrobacterium -mediated intragenic transformation, native (aka. 
cryptic) functional recognition sites for the desired recombinase(s) would need to 
fi rst be identifi ed in and isolated from the plant’s genome. Such sites have been 
found in mammalian genomes (Semprini et al.  2007 ; Thyagarajan et al.  2000 ,  2001 ). 

 Another permutation of the marker gene excision application is the use of devel-
opmentally regulated promoters to activate recombinase expression only within 
specifi c organs or tissues. This strategy may be more effi cient than using inducible 
promoters because the induction of expression is built into the plant and no external 
agents are needed. Various germline-specifi c promoters have been employed for 
recombinase expression (Kopertekh et al.  2010 ; Li et al.  2007 ; Luo et al.  2007 ; 
Mlynárová et al.  2006 ; Verweire et al.  2007 ). In particular, activation of recombinase- 
mediated excision during male germ line development has provided a containment 
system to prevent transgene movement via pollen (Luo et al.  2007 ; Mlynárová et al. 
 2006 ; Moon et al.  2011 ). This technique could potentially reduce the risk of trans-
gene fl ow to nearby plants in the environment, eliminating the adventitious presence 
of transgenes in non-GE crops or related wild species. An alternative version of this 
strategy was the use of an embryo-specifi c promoter to drive the temporal expres-
sion of the recombinase Cre to eliminate selectable marker transgenes in soybean 
seeds (Li et al.  2007 ). 

 A different way to control recombinase expression is by introducing an expres-
sion cassette into the target cells in such a way that it is not expected to be stably 
integrated (Albert et al.  1995 ; Araki et al.  1995 ; Srivastava and Ow  2002 ; Vergunst 
et al.  1998 ). In these cases, the targeted genome is only transiently exposed to the 
recombinase. However, Srivastava and Ow ( 2002 ) unexpectedly found that genomic 
integration of the recombinase gene had occurred in 40 % of host cells that under-
went recombinase-mediated excision. This led to the design of vectors specifi cally 
for transient recombinase expression: one utilizes  Agrobacterium tumefaciens  trans-
formation proteins to transport the recombinase (Kopertekh and Schiemann  2005 ; 
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Vergunst et al.  2000 ) while the other is a virally derived vector expressing the Cre 
recombinase (Jia et al.  2006 ; Kopertekh et al.  2004 ). More options for limiting the 
duration of recombinase expression include direct transformation of recombinase 
mRNA (de Wit et al.  1998 ) and use of peptides to facilitate cellular uptake of the 
recombinase protein itself (Peitz et al.  2002 ). Use of transient expression strategies 
eliminates the need to segregate away or auto-excise the recombinase expression 
cassette.  

4     Application: Molecular Switches 

 A special use of site-specifi c recombinase-mediated excision is in “Molecular 
Switches.” The purpose of a molecular switch is to make expression of a GOI 
dependent on introduction or expression of the recombinase. In these applications, 
a piece of DNA (aka. stuffer) fl anked by recognition sites is placed between a GOI’s 
coding sequence and its promoter (“A” in Fig  7.1a ). The stuffer sequence usually 
contains a transcription terminator, a series of terminators or in some extreme cases, 
an intron splice site followed by terminators; these elements force termination and/
or mis-splicing of the transcript produced by the promoter. Thus, the GOI is off until 
the recombinase is introduced either by transformation, crossing, or induction of its 
promoter. The presence of the recombinase results in excision of the “stuffer,” and 
the joining of the GOI to its promoter and thereby its expression in the plant 
(Fig.  7.1a ). When the GOI is lethal and even more stringent control is required, the 
recombinase can be brought in via crossing to a separate line in a “Dual Switch” 
confi guration (Sang et al.  2013 ). In a reverse strategy, a recombinase could be used 
to turn genes off by excision of the promoter or coding sequence from the host 
genome. 

 Inversion of DNA fragments offers another avenue for using a “Molecular 
Switch” to activate or inactivate a gene of interest (Fig.  7.1b ). In this illustrated 
example, the recombinase-mediated inversion brings the “B” coding region into 
the correct orientation and in proximity to the promoter, allowing production of the 
“B” protein. The “fl exing” technique uses inversion activation to identify which 
random transgene insertion sites would be suitable for transgene expression by 
screening transgenics for high levels of expression of a visual reporter (e.g., eGFP). 
Introduction of the recombinase swaps the positions of the reporter gene and GOI, 
thus activating the latter (Floss and Schnutgen  2008 ). Further use of the “fl exing” 
technique is discussed below in the RMCE section. A very recent application of 
recombinase-mediated inversion has been for the production of synthetic circuits 
in  E. coli  cells using the basic computer programming techniques of AND, OR, 
and NOR (Bonnet et al.  2013 ; Siuti et al.  2013 ). A remarkable achievement! While 
such research so far is limited to prokaryotes, the ability to build memory into a 
living circuit is very impressive and raises possibilities for its employment in agri-
cultural research.  
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5     Application: Transgene Insertion Site Resolution 

 Various factors affect transgene expression and stability in plants. The most prominent 
of these are the genomic location of transgene integration (aka. position effects) and 
the complexity of inserted DNA structures. In the case of position effects, transgene 
expression may be increased, decreased, or mis-regulated, depending on the sur-
rounding genomic elements. Aspects of insertion structures that affect expression 
include transgene copy number, orientation, presence of transgene fragments, inter-
spersion with native genomic DNA, and number of independent locations. For 
genomic engineering, the ability to insert a single-copy transgene into a location 
that allows faithful expression, both quantitatively and qualitatively, is most desir-
able. The ideal transgene is reliably expressed at expected levels in predictable tis-
sues and at specifi c developmental times (Akbudak et al.  2010 ,  2013 ; Chawla et al. 
 2006 ; Day et al.  2000 ; Iyer et al.  2000 ) and is not subject to position effects (Albert 
et al.  1995 ; Hobbs et al.  1990 ; Kohli et al.  2003 ; Meyer  2000 ), sporadic silencing 
(mosaicism or variegation) (Burdon and Wall  1992 ; Marenkova et al.  2012 ), or 
complete silencing (Akbudak et al.  2013 ; Henikoff  1998 ; Martinez de Alba et al. 
 2013 ). Furthermore, the ideal transgene insertion does not result in genomic insta-
bility (Maqbool and Christou  1999 ) or endogenous gene inactivation (Wang et al. 
 2011 ). Research supports that single complete transgene copies inserted into the 
genome will produce additive gene expression (Akbudak et al.  2010 ) while partial 
or truncated copies can lead to gene silencing (Akbudak et al.  2013 ). These studies 
further indicate that a complete intact T-DNA insertion into the genome is critical 
for stable, predictable, and heritable gene expression (Srivastava et al.  2004 ). A study 
by Chawla et al. ( 2006 ) demonstrated that rice with multi-copy transgene inserts, 
initially silenced, recovered expression if the copies that were illegitimately inte-
grated were removed by segregation in subsequent generations, leaving a single 
genomic copy in the targeted site. Thus an application to resolve transgene arrays 
removing deleterious copies could be used to decrease the total number of original 
transgenic plants required to fi nd single-copy lines with faithful and heritable 
expression. 

 For all these reasons, considerable effort and time is spent in generating and char-
acterizing transgenic plants to fi nd those with simple insertion structures, reliable 
inheritance, and predictable expression. Site-specifi c recombination can be used in 
two ways to reduce these efforts. Site-specifi c integration can target a transgene to a 
genomic locus that allows high levels of faithful expression, as discussed below. 
Recombinase-mediated excision can be used to resolve complex multi- transgene 
loci into simpler structures that house one or two transgenes (Fig.  7.3 ). The success 
of this strategy depends on the design of the vector, which includes recognition sites 
in the same orientation fl anking unwanted (e.g., marker gene) DNA, a GOI outside of 
those tandem sites, and a single recognition site in the opposite orientation (Fig.  7.3 ). 
Tandem transgene arrays will be excised due to the presence of the multiple 
recognition sites in direct orientation (Srivastava and Ow  2001 ). Recombinase-
meditated excision will continue until a single recognition site is left (Fig.  7.3 ). 
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However, transgene fragments outside of the outermost recognition site will not be 
eliminated by this method. Use of recombinases to resolve complex insertions was 
originally demonstrated in wheat by (Srivastava et al.  1999 ): in four different trans-
genic lines generated by biolistics, multi-transgene insertions were reduced to single 
copies by Cre-mediated excision. Despite this success and the apparent importance 
of single-copy transgene insertion structures for faithful expression and commercial 
deregulation, this application of site-specifi c recombinase- mediated excision 
remains underutilized. This may be because it had been thought for many years that 
 Agrobacterium -mediated transformation methods used to transform most plant spe-
cies generally resulted in transgene loci with the desired properties. However, recent 
studies have shown that bacterial DNA outside of the T-DNA borders is more often 
than not integrated into the plant genome along with the T-DNA (Drs. Thilmony and 
Cook, unpublished observations). Thus, this application may garner more interest in 
the future.   

6     Application: Integration 

 Recombinase-mediated integration can be used to insert a single copy of foreign DNA 
into predetermined locations within a genome, thus minimizing the likelihood of the 
position effects that plague random insertions (O’Gorman et al.  1991 ; Sauer and 
Henderson  1990 ). This application has been demonstrated in  Arabidopsis  (Louwerse 
et al.  2007 ; Vergunst and Hooykaas  1998 ; Vergunst et al.  1998 ), aspen (Fladung 
and Becker  2011 ), tobacco (Albert et al.  1995 ; Choi et al.  2000 ; Day et al.  2000 ; 

  Fig. 7.3    Schematic representation of recombinase-mediated resolution of a complex transgene 
locus. This technique uses the recombinases’ ability to excise DNA from between any two directly 
oriented recognition sites ( red  and  striped arrows ). The locus can consist of many different copies 
of the GOI and selectable marker genes in both orientations. However, excision will continue until 
a single site remains in the locus. The excised DNA exists as a non-replicating circle that can be 
further resolved and is lost.  Dotted lines  designate all possible excision events mediated by directly 
oriented recognition sites. DNA (including transgene DNA) outside the fl anking recognition sites 
will not be removed. The recombinase (not shown) can be provided in  cis  or in  trans . Not all pos-
sible excision intermediate products are shown       
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Nanto and Ebinuma  2008 ; Nanto et al.  2005 ,  2009 ), maize (Kerbach et al.  2005 ), rice 
(Akbudak et al.  2010 ; Chawla et al.  2006 ; Nandy and Srivastava  2011 ; Srivastava and 
Ow  2002 ,  2004 ), soybean (Li et al.  2009 ), barley (Kapusi et al.  2012 ), and the plastid 
genome of tobacco (Lutz et al.  2004 ). Documented rates of integration range from 
~33 % in tobacco (Albert et al.  1995 ; Day et al.  2000 ) to nearly 50 % in rice (Srivastava 
and Ow  2004 ). In other words, at least one plant in three contained single-copy inser-
tions in predetermined genomic locations in these studies. Of the single-copy inser-
tion events reported in rice, nearly all displayed heritable and predictable expression 
patterns, while in tobacco approximately half showed the expected expression pattern. 
The remaining half of the tobacco single- copy transgene insertions were affected by 
methylation-dependent DNA silencing (Day et al.  2000 ). These outcomes are much 
better than ~1–10 % single-copy faithfully expressed insertions that result from ran-
dom integration transformation methods. In rice transformants generated by biolis-
tics, Chawla et al. ( 2006 ) documented that site-specifi c integration into a preexisting 
genomic location yielded single-copy transgenes with stable gene expression over 
multiple generations in 11 of 18 events. Also noted in this study was how the initially 
silenced targeted transgenes recovered expression when segregation removed the 
extra transgene copies that were unlinked to the targeted location. This can most likely 
be attributed to reversal of homology- dependent and/or improper-termination gene 
silencing when repetitive or truncated, respectively, transgene DNA was removed 
(Luff et al.  1999 ; Luo et al.  2007 ). 

 Use of site-specifi c recombination for targeted integration requires two sequen-
tial transformations. First, a transgenic plant must be generated and shown to con-
tain a single recombinase recognition site in a genomic location that allows faithful 
heritable expression of a marker gene or a GOI. Cells of this plant are then retrans-
formed with one or two plasmids containing the complementary recognition site 
fl anking the next GOI to be inserted and the recombinase expression cassette. 
Targeted integration in eukaryotes was fi rst shown in yeast with the Cre recombi-
nase (Sauer and Henderson  1990 ). However, the use of reversible recombinase sys-
tems such as Cre, Flp, and R for integration is inherently ineffi cient unless 
modifi cations are made that favor the bi-molecular integration reaction over the 
mono-molecular excision reaction. Improved targeted integration using Cre was 
achieved by providing the recombinase transiently, thereby trapping the DNA in its 
fi nal position after the enzyme was gone (Albert et al.  1995 ; Baubonis and Sauer 
 1993 ; Srivastava and Ow  2001 ; Vergunst et al.  1998 ). This strategy was improved 
upon by placing the initial target  lox  recognition site in the genome between the 
promoter and open reading frame of the Cre recombinase. The recombinase protein 
is thus preloaded within the cell before introduction of the targeting plasmid, facili-
tating its integration. Once integration has occurred, the recombinase open reading 
frame is displaced from the promoter and effectively shut off, thereby trapping the 
DNA in the integrated state. This technique has been very effective for the revers-
ible recombination systems of Cre and Flp. It has been used for integration in 
 Arabidopsis  (Vergunst et al.  1998 ), tobacco (Albert et al.  1995 ; Choi et al.  2000 ; 
Day et al.  2000 ), and rice (Chawla et al.  2006 ; Srivastava and Ow  2002 ,  2004 ). 
A further refi nement was incorporation of two  lox  sites into the targeting DNA, such 
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that in the presence of Cre, unwanted “backbone/vector” DNA was removed to 
produce a circular fragment that was subsequently integrated into the genomic  lox  
site (Kolb and Siddell  1997 ; Nandy and Srivastava  2011 ; Srivastava and Ow  2004 ; 
Vergunst and Hooykaas  1998 ; Vergunst et al.  1998 ). The result was a “clean” trans-
gene lacking plasmid backbone sequences that could trigger transgene silencing 
(Iglesias et al.  1997 ). 

 Another improvement in using reversible recombinase systems for integration 
was fi rst proposed by (Hoess and Abremski  1984 ), who suggested that Cre recom-
binase could tolerate mutations in one of the two 13 bp-binding domains of a  lox  
recognition site because cooperative Cre–Cre interaction would allow  lox  site 
attachment to occur normally, but mutations in both 13 bp-binding domains would 
result in a large drop in overall binding effi ciency, inhibiting further Cre/ lox  interac-
tions. Thus, recombination between two  lox  sites with mutant-binding domains, but 
complementary to one another, would occur at relatively normal rates. The resulting 
double mutant  lox  recognition site would resist further recombination, trapping the 
integrated DNA. The Hoess and Abremski prediction was tested with several ran-
domly generated mutant  lox  sites in vitro with a plasmid inversion template. 
Measurements of the forward and reverse reactions validated the prediction (Albert 
et al.  1995 ). Subsequent studies with other mutant-binding sites have shown that 
this strategy helps stabilize the integration events by inhibiting the reverse excision 
reaction (Albert et al.  1995 ; Araki et al.  2010 ; Ohtsuka et al.  2010 ; Thomson et al. 
 2003 ). Thus, the use of mutant  lox  sites has allowed targeted integration to be 
achieved at useful levels in plants such as tobacco (Albert et al.  1995 ; Day et al. 
 2000 ), rice (Chawla et al.  2006 ; Srivastava et al.  2004 ; Srivastava and Ow  2002 ), 
and maize (Srivastava and Ow  2001 ). However, use of double mutant  FRT  recogni-
tion sites for enhanced integration stability with the Flp system has not been suc-
cessful, probably due to the intrinsic nature of the Flp/ FRT  interaction: Flp 
recombinase binding is not cooperative (Huang et al.  1991 ; Senecoff et al.  1988 ). 

 Unidirectional recombinases comprise a unique set of tools for genome engi-
neering and can facilitate DNA integration without the possibility of reversal. 
Members of the large serine recombinase family, such as phiC31 (Thorpe and Smith 
 1998 ), R4 (Olivares et al.  2001 ), TP901-1 (Stoll et al.  2002 ; Thomson and Ow 
 2006 ), Bxb1 (Keravala et al.  2006 ; Russell et al.  2006 ; Thomson and Ow  2006 ), and 
phiBT1 (Zhang et al.  2010 ), offer this advantage over reversible recombinase sys-
tems because recombination occurs between nonidentical  attB  and  attP  sites. Direct 
comparison of integration into the same genomic location in  Schizomyces pombe  
yielded completion rates of 85 %, 95 %, and 78 % for Bxb1, phiC31, and TP901-1, 
respectively (Thomson and Ow  2006 ). In plant applications, the phiC31 recombi-
nase has been used for integration (Lutz et al.  2004 ) within the tobacco plastid 
genome. For lines expressing high levels of phiC31 integrase from a nuclear trans-
gene, 17 independent transplastomic lines per bombarded leaf were obtained via site-
specifi c integration into the plastid genome target. More recently, Yau et al. ( 2011 ) 
described the use of the Bxb1 large serine recombinase for site-specifi c integration 
into a predetermined locus of the tobacco nuclear genome. In this experiment, 
the Bxb1  attP  site was inserted into the tobacco genome via random integration. 
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Single-copy transgenic plants were identifi ed and used as targets for site-specifi c 
integration of a plasmid containing the Bxb1  attB  site and a hygromycin resistance 
gene. Doubly transformed plants were identifi ed by hygromycin selection and the 
integration sites were characterized by DNA blot analysis and by sequencing the 
PCR product junctions between the insert and target DNA’s. Approximately 5 % of 
the secondarily transformed plants contained integration sites formed by site-specifi c 
recombination. More examples of the use of site- specifi c integration for crop plant 
improvement can be found in Srivastava and Gidoni ( 2010 ). 

 The use of endogenous recognition sites (or cryptic sites) in genomes provides 
an additional option for targeted chromosomal integration. This method has been 
demonstrated to work in various prokaryotes and eukaryotes (Groth et al.  2000 ; 
Olivares et al.  2001 ; Ou et al.  2009 ; Sauer  1996 ; Sauer and Henderson  1990 ; 
Thomson et al.  2003 ; Thyagarajan et al.  2000 ,  2001 ). Searches for potential cryptic 
recognition sites in plant genome sequences have only recently been conducted 
(Thomson et al.  2009 ,  2010 ,  2012 ). The utility of such sequences would have to be 
demonstrated by empirical studies before they could be deployed in GE crops.  

7     Application: Recombinase-Mediated Cassette Exchange 

 A powerful application of recombinase technology combines the integration and 
excision reactions into a strategy to replace transgenes in situ. This technique is 
termed Recombination-Mediated Cassette Exchange (RMCE) and was originally 
used in cultured mammalian cells with the Flp/ FRT  recombinase system (Schlake 
and Bode  1994 ; Seibler and Bode  1997 ). The technique was effective in generating 
targeted modifi cations with a minimum of excess DNA remaining in the host 
genome (Bouhassira et al.  1997 ). The approach involves targeted integration of a 
GOI followed by a recombinase-mediated excision event removing selectable 
marker, plasmid backbone, and other unwanted DNA (Fig.  7.4 ). To implement 
RMCE in plants, a founder line containing recombinase recognition sites in the 
genome, a “TAG” plant, must fi rst be generated. The “TAG” usually contains a posi-
tive selectable marker, such as an herbicide or antibiotic resistance gene, fl anked by 
two inverted recognition sites (Fig.  7.4a ). The inverted orientation of the recognition 
sites inhibits unwanted “TAG” auto-excision when identical sites are used (Feng 
et al.  1999 ; Nanto et al.  2005 ,  2009 ). The “EXCH” plasmid contains complimentary 
inverted recognition sites fl anking the GOI to be inserted into the genome (Fig.  7.4a ). 
Recombinase gene expression can be provided in  cis , encoded on the EXCH plas-
mid but outside the recognition sites fl anking the GOI cassette, or in  trans  from a 
separate incoming plasmid. Retransformation of the “TAG” or founder lines with 
the “EXCH” (and recombinase, if necessary) vector triggers two successive 
recombinase- mediated events, integration followed by excision, in which both sets 
of recognition sites will be used and the original “TAG” DNA can be exchanged 
with the incoming “EXCH” GOI (Fig.  7.4c ). The predicted intermediate between 
integration and excision (Fig.  7.4b ) consists of the entire construct integrated into 

J.G. Thomson and A. Blechl



127

  Fig. 7.4    RMCE schematic for a single bidirectional recombinase using heterologous sites. The 
 red  and  red-striped arrows  represent recognition sites and are designed to recombine exclusively 
with only their matching partner, but both set of sites recognize the same recombinase enzyme. 
This strategy combines both site-specifi c integration and excision mediated by a single recombi-
nase and is an effi cient way to produce transgenics with a minimum of extraneous DNA remaining 
in the host genome. Specifi cally, RMCE is a technique whereby DNA can be site-specifi cally 
integrated into a preexisting genomic target “TAG” with unwanted DNA removed at the conclu-
sion. ( a ) A preexisting GE plant “TAG” contains a selectable marker gene ( marker ) fl anked by 
inverted, and in this scenario heterologous, recognition sites ( thin lines ). The incoming plasmid 
DNA ( thick lines ) contains a GOI also fl anked by the matching inverted heterologous recognition 
sites and is termed the exchange “EXCH” cassette. The recombinase (not shown) can be provided 
in  cis  or  trans  and will integrate the incoming “EXCH” DNA into the “TAG” genomic location 
utilizing one of the two fl anking recognition sites. ( b ) Either set of directly oriented recognition 
sites can then be used for site-specifi c excision of the intervening DNA. ( c ) One of the two possible 
products ( left ) contains the GOI of the “EXCH” cassette in place of the marker of the “TAG” DNA, 
while the other possible product ( right ) retains only the marker gene. Reversible recombinase 
systems such as Cre and Flp can generate both forward and reverse reactions generating numerous 
intermediates (not shown)       
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the genome (Feng et al.  1999 ; Fiering et al.  1993 ; Nanto et al.  2005 ; Thomason et al. 
 2001 ). Recent evidence obtained by atomic force microscopy has confi rmed that 
RMCE is a two-step process (Malchin et al.  2008 ).  

 The RMCE strategy has been used successfully with several recombinase sys-
tems, including Cre/ lox , Flp/ FRT , R/ RS , phiC31/ att , and Bxb1/ att , and in many 
different organisms, including yeast, mammalian cells, mice,  Drosophila , and 
plants (Belteki et al.  2003 ; Feng et al.  1999 ; Fladung and Becker  2011 ; Horn and 
Handler  2005 ; Li et al.  2009 ; Louwerse et al.  2007 ; Nanto and Ebinuma  2008 ; 
Nanto et al.  2005 ,  2009 ; Obayashi et al.  2012 ; Turan et al.  2013 ). In mammalian 
systems, targeting effi ciencies into a preexisting chromosomal site can approach 
100 % when a negative selection is used to identify cells in which exchange has 
occurred (Feng et al.  1999 ). Without selection, 1 % of cells contain exchanges 
(Feng et al.  1999 ). In plants, RCME has been demonstrated for both the direct DNA 
and  Agrobacterium - mediated  transformation methods (Dafhnis-Calas et al.  2005 ; 
Nanto and Ebinuma  2008 ). 

 Use of bidirectional tyrosine recombinases in RCME presents some diffi culties 
because their reactions are reversible at each step of the process, decreasing its over-
all effi ciency and complicating molecular analyses. If identical recognition sites are 
used, self-excision can occur, short circuiting the whole process. Use of heterolo-
gous binding sites, discussed above and illustrated in Fig.  7.4 , reduces the likeli-
hood of self-excision (Louwerse et al.  2007 ). Heterologous sites take advantage of 
the homology requirement between the 8 bp “regions of crossover” of the partici-
pating  FRT ,  lox , or  RS  sites (Hoess et al.  1986 ; Lee and Saito  1998 ; Nanto et al. 
 2005 ). In particular, binding sites with 3–4 mutations rarely interact with wild type 
or with one another (Takata et al.  2011 ). Heterologous sites for both the Cre (Torres 
et al.  2011 ) and Flp (Tsanov et al.  2012 ) systems have been used in directing RMCE 
gene transfer into the genome in a predetermined orientation whereas the original 
design utilizing identical recognition sites allowed insertion in both directions 
(Seibler and Bode  1997 ). Scientists at DuPont Corporation used RMCE with heter-
ologous recognition sites for the modifi cation of the soybean genome to improve 
seed oil quality. Multiple genes were inserted at the same chromosomal site to 
simultaneously silence the  FAD2  and  FATB  genes, thereby improving the oxidative 
stability of the oil, and to over-express the  DGAT1  gene to increase overall oil con-
tent (Li et al.  2009 ,  2010 ). 

 A variation on RCME termed “Flex-ing” (Floss and Schnutgen  2008 ) used 
recombinase-mediated inversion to activate expression of a GOI. The coding 
sequence of the GOI was fl anked by a pair of inverted heterologous FRT sites (F F′) 
(similar to Fig.  7.1b  where “A” and inverted “B” are between inverted recognition 
sites). Transformants with randomly inserted DNA were screened for strong/spe-
cifi c promoter expression using the enhanced Green Fluorescent Protein (eGFP) as 
a reporter (“A” in Fig.  7.1b ). Plants containing strongly expressed  eGFP  were 
retransformed with a plasmid that provided FLP, causing the  eGFP  cassette to 
invert and bringing the GOI adjacent to the promoter. The resultant genomic site 
had a single FRT (F) site on one side and three FRT sites on the other. An excision 
event on the triple stack (F′ F F′) of directly oriented FRT sites resolved it to a single 
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FRT (F′) site, eliminating further recombination due to the heterologous nature of 
the remaining FRT sites trapping the DNA in its fl ipped orientation. By design, the 
GOI coding sequence was now fl anked by heterologous FRT sites (F-coding 
sequence- F′) and could serve as the target for future RMCE integration. 

 Another version of RMCE is dual RMCE (dRMCE), which employs two differ-
ent recombinase expression systems. The fi rst successful demonstration of this 
strategy combined the Cre/ lox  and Flp/ FRT  systems in conjunction with mutant 
recognition sites to stabilize the integration event (Lauth et al.  2002 ). Cells contain-
ing precise exchange events were identifi ed without selection at a frequency of 3 %. 
Put into perspective, this is 3× better than the effi ciency of obtaining cells by spe-
cifi c targeting with homologous recombination and identifi ed using a selectable 
marker gene. Since then, many other groups have used variations of dRMCE. Dafhnis- 
Calas et al. ( 2005 ) used the Cre/ lox  and phiC31/ att  recombinase systems sequen-
tially in mammalian cell cultures to stack genes into the same locus. They called 
their version “Iterative Site-Specifi c Integration.” PhiC31 has also been paired with 
Flp for embryonic stem (ES) cell genome targeting (Monetti et al.  2011 ). This com-
bination has become so successful that the North American Conditional Mouse 
Mutagenesis Project (NorCOMM) has created docking or “TAG” sites in more than 
600 genes of the mouse genome for knockin, knockout, and/or gene replacement 
studies. Nanto and Ebinuma ( 2008 ) demonstrated the use of the R/ RS  and Cre/ lox  
systems for dRMCE in tobacco. This well-executed study successfully generated 
several lines with marker-free single-copy transgenes at targeted integration sites. 
 Agrobacterium  was used as the vehicle for transformation, proving that RMCE can 
be executed from an incoming T-DNA molecule. More recently, the Cre/ lox  and 
phiC31/ att  recombinase systems were shown to be effective for dRMCE in 
 Arabidopsis  (De Paepe et al.  2013 ). 

 The use of unidirectional recombinase systems in dRMCE can make it even 
more effective for precise insertion of new transgenes into the genomes of previ-
ously characterized plant lines having stable expression patterns (aka transgene 
stacking). The large serine recombinases, namely Bxb1 and phiC31, are naturally 
unidirectional, and therefore trap the DNA within their target loci. Successive 
genome targeting has been demonstrated with phiC31 integration followed by Cre 
excision followed in the next generation by Bxb integration and Cre-mediated exci-
sion (Huang et al.  2009 ). In this design, integration by one unidirectional recombi-
nase (in this case, phiC31) brings in the target recognition sites for a second 
recombinase (in this case, Bxb1) and vice versa. An unlimited number of successive 
dRMCE targeting events can be envisioned with this approach. The successive intro-
duction of the various recombinases can be via genetic crosses or by transformation. 
Although it involves more steps and generations, the use of crosses and segregation 
provides more sequential control of the process. Recent atomic force microscopy 
experiments have confi rmed that while RMCE is a two-step process, simultaneous 
expression of two integration competent recombinase enzymes (in this case, HK022 
and FLP) results in competitive inhibition of the process (Malchin et al.  2008 ). 
Research indicates that only one synaptonemal complex can be formed at a time. 
These studies went on to demonstrate that sequential addition of the recombinases 
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was much more effi cient than simultaneous addition. The competition hypothesis 
is further supported by research that demonstrated that the best effi ciencies of 
RMCE were obtained in cells when Flp levels were higher than Cre levels (Anderson 
et al.  2012 ). This study demonstrated that when the levels of Cre were greater than 
or equal to Flp, RMCE effi ciency dropped drastically. The optimum ratio for the 
two recombinase enzymes in dRMCE may depend on which recombinase systems 
are used. 

 Use of a third type of recombinase from the excision-only small serine category 
may increase dRCME effi ciencies. Due to topological constraints (Mouw et al. 
 2008 ; Sarkis et al.  2001 ), these recombinases cannot form synaptonemal complexes 
without fi rst having both recognition sites on the same strand of DNA and in the 
correct orientation. As such, these recombinases will not act until after the integra-
tion step has occurred, regardless of their concentrations relative to the integrase. 
Use of the excision-only small serine recombinase would also inhibit reintegration 
of the excised fragment. 

 An improvement to the overall RCME process is the employment of negative 
selectable markers (e.g.,  codA ) to directly select cells in which gene replacements 
have occurred (Fig.  7.5 ) (Kondrak et al.  2006 ; Nanto and Ebinuma  2008 ). When the 
“EXCH” vector is site-specifi cally inserted into the chromosomal “TAG” cassette, 
the recognition sites required for excision will align, allowing removal of the nega-
tive selectable marker gene (Fig.  7.5 ). Cells in which the “EXCH” vector integrated 
at a random location, or where the excision event failed to remove the negative 
selection, would leave the marker gene in the genome and the cells will be killed by 
the negative selection agent.  

 Effi cient RCME strategies are especially needed for high throughput gene inte-
grations such as those used by biopharmaceutical companies to make complex pro-
teins, for engineering complex metabolic pathways in plants, or for the study of 
genes with regard to biotechnology risk assessment. For plant GE, RCME offers the 
intriguing possibility of stacking multiple genes into a single genomic location. The 
TAG and EXCH vectors can be designed for multiple rounds of exchange. As 
RCME becomes routine, the plant researcher community would benefi t from col-
lections of crop germplasm with several “TAG” lines ready for RMCE targeting.  

8     Application: Megabase Modifi cations/Chromosome 
Level Engineering 

 Site-specifi c recombination can occur between any two recognition sites in DNA 
that are present in the same cell (prokaryotes) or nucleus (eukaryotes). The proba-
bility of recombination is governed by physical parameters including the distance 
between recognition sites, their relative orientations, and their relationships (i.e., 
intra-chromosomal, homologous, nonhomologous) (Burgess and Kleckner  1999 ). 
Thus, site-specifi c recombination makes planned chromosomal rearrangements 
feasible for genetic engineering. To date the majority of the research that utilizes 
this approach has been done in mammalian cells and using the Cre/ lox  system. 
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Large scale chromosome modifi cations can be disruptive to the genome, and many 
will not be tolerated or stably maintained, particularly in diploid organisms such as 
mammals. Nevertheless, large deletions, duplications, or chromosomal transloca-
tions have facilitated the study of human genetic diseases such as Down’s syn-
drome, Smith–Magenis syndrome, Cri-du-chat, and Charcot-Marie-Thooth type 
1A (Chen et al.  1997 ; Korenberg et al.  1994 ; Street et al.  2002 ). Cre-induced site- 
specifi c translocations have been reported in mammalian ES cells at frequencies of 
1:1,200–2,400 (nonrandom:random) (Van Deursen et al.  1995 ). 

 As previously explained, the orientation of the  lox  sites will determine the type 
of recombination event observed. With two  lox  sites located on a single chromo-
some in directly repeated orientation, a deletion event is expected, but duplication 
events have also been detected (Medberry et al.  1995 ; Ramirez-Solis et al.  1995 ; 

  Fig. 7.5    Schematic representation of a sophisticated design for Dual Recombinase-Mediated 
Cassette Exchange. This strategy uses a positive/negative selection marker gene and two unidirec-
tional recombinases, one for integration into the preexisting chromosomal “TAG,” and one for 
excision of unwanted DNA. Cells that have undergone irreversible exchange of the GOI for the 
marker gene can be identifi ed by negative selection. The preexisting “TAG” line ( a ) contains the 
target in a random location and is identifi ed using the positive selection. The target contains a posi-
tive–negative selectable marker gene and expression cassettes for a large and a small serine recom-
binase (Irreversible Recombinase System—IRS1 and IRS2), all fl anked by the recombinase 
recognition sites ( red attP  and  blue Res , respectively). The EXCH cassette ( b ,  thick lines ) contains 
sites for each recombinase ( red striped attB  and  blue Res ) fl anking the GOI and is introduced by 
transformation. Although both recombinases and their sites are present in the same transformed 
cells, the excisionase can only act after irreversible site-specifi c integration into the TAG site 
brings the Res sites into alignment on the same chromosome ( c ). Irreversible excision deletes the 
positive/negative selectable marker gene ( d ), allowing only the cells that contain the excision ( left  
in  d ) to survive the negative selection agent. Cells in which the EXCH vector integrated at random 
or did not complete RMCE do not survive the selection. Alternative designs allow this same strat-
egy to be used for repetitive gene stacking       
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Uemura et al.  2010 ; Van Deursen et al.  1995 ). The deletion/duplication events result 
from non-sister chromatid recombination that generates a set of balanced and unbal-
anced chromatids; cells with the latter will not survive. A more controlled and effec-
tive strategy was to employ the temporal-specifi c synaptonemal complex protein1 
(SYCP1) gene promoter to control recombinase expression. In the spermatocytes of 
mice during meiosis, the homologous chromosomes are tightly paired in the synap-
tonemal complex. Using the SYCP1 promoter to drive Cre expression boosted the 
effi ciency of generating deletion and duplication events between the paired chromo-
somes in the synaptonemal complex (Herault et al.  1998 ; Olson et al.  2005 ). 

 With the  lox  sites in the opposite orientation and located on the same chromo-
some, an inversion event is generated. This form of chromosomal rearrangement has 
been used in mice to study genetic abnormalities and establish “balanced” lethal 
systems to facilitate stock maintenance (Zheng et al.  1999 ). With the age of genom-
ics upon us, the use of designed “balancer chromosomes” could be a critical element 
in understanding how genomic arrangements infl uence gene expression, metabolic 
pathway function, and pathway interactions on a global scale. However, inverted  lox  
sites can also lead to unequal recombination between sister chromatids, generating 
dicentric and acentric chromosomes that are lost during subsequent cell divisions, 
precluding cell survival (Lewandoski and Martin  1997 ; Uemura et al.  2010 ). 

 Placement of the  lox  sites in the same orientation on nonhomologous chromo-
somes can lead to balanced and unbalanced chromosomal translocations. In human 
cells, these rearrangements have been used to study the effects of inappropriate 
regulation of spatial and temporal gene expression leading to various forms of can-
cer, developmental abnormalities, and genetic diseases (Van Deursen et al.  1995 ). 
In plants, the effi ciency of using Cre to mediate translocations was studied. 
Transgenic tobacco plants were constructed in which one chromosome contained a 
promoterless hygromycin coding region adjacent to a 5′  loxP  site and another chro-
mosome contained the 35 S  promoter adjacent to a 3′  loxP  site. After Cre protein 
was introduced, 2.5 % of the resulting plants were able to grow in the presence of 
hygromycin, indicating that recombination and presumably translocation had 
occurred between the two  loxP  sites (Qin et al.  1994 ). Translocations have also been 
engineered between chromosomes of two different plant species (Koshinsky et al. 
 2000 ). Protoplasts from  Arabidopsis  and tobacco plants were fused in culture. 
Induction of  Cre  expression resulted in a recombination event that joined a pro-
moter region with the coding sequence of the hygromycin resistance gene. The 
DNA’s from hygromycin- resistant calli were analyzed and found to contain the pre-
dicted junction between  Arabidopsis  and tobacco chromosomes. However, plants 
regenerated from the calli did not pass the hybrid chromosome to their progeny 
(Koshinsky et al.  2000 ). 

 A potential use of chromosomal recombination, as yet undemonstrated in crop 
plants, is to introgress useful transgene combinations from genotypes that are easy 
to transform (lab lines) into commercially adapted varieties (elite lines) that are 
diffi cult to transform. Such transfers are possible through traditional crossing, but 
several generations of backcrossing are required to recover most of the genome of 
the elite variety with only the transgene and a small amount of linked DNA from the 
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lab line parent. The association of the transgene and adjacent DNA is called linkage 
drag. If divergently oriented recognition sites for site-specifi c recombination could 
be introduced into one chromosome of the elite line, then a GOI fl anked by the 
matching sites could be swapped into the elite chromosome without any extraneous 
DNA or disruption (Fig.  7.6 ). The lab line expressing recombinase would be crossed 
to the target elite line, exchange of chromosomal segments would occur, and prog-
eny containing only elite chromosomes (including the exchanged one) would be 
recovered. Back-crossing would not be necessary, although one round would make 
it more likely to fi nd the elite-only descendent. This strategy would speed the trans-
fer of genomic modifi cations from laboratory to elite lines (Fig.  7.6 ) (Ow  2005 ). 
The most suitable recombinases for this approach are irreversible large serine type.  

 An interesting way to produce mutations in a genome on a megabase scale is 
through the use of “Targetrons” (Enyeart et al.  2013 ). Currently only proven to be 
effective in prokaryotes, the system uses a combination of mobile group II introns 
and the Cre/ lox  recombinase system. The introns embedded with a single  lox  sites 
are integrated into specifi c locations in the  E. coli  genome. Introduction of Cre 
expression results in large deletions or inversions that can be used to study how 
large scale genome rearrangements infl uence cellular processes. 

  Fig. 7.6    Schematic representation of a recombinase-mediated introgression event to transfer a 
transgene from a genotype that is easy to transform ( lab line ) into an adapted commercially viable 
variety ( elite line ). The “lab” line contains a GOI fl anked by divergently oriented recombinase 
recognition sites ( red arrows  in a,  left blue  chromosome) and the appropriated recombinase expres-
sion cassette. Inverted recognition sites prevent unwanted DNA excisions. The “elite” line has 
recognition sites for the same recombinase(s) ( striped red arrows  in a,  right black  chromosome) 
fl anking a region of nonessential DNA. Two recombination events are needed can exchange the 
information located between the sites. ( b ) An intermediate transposition between the chromo-
somes produced by recombination of one of the two sites. ( c ) The fi nal products after the second 
recombination event reverses the transposition. After the exchange is complete, progeny that have 
lost the lab line chromosome by segregation can be identifi ed in a subsequent generation. While 
this strategy could theoretically be used with any recombinase, it would be much more effi cient 
with the irreversible integrases       
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 An organized approach to chromosome reconstruction through utilization of 
site-specifi c technology would be extremely useful in the production of artifi cial 
chromosomes or “minichromosomes” (Gaeta et al.  2012 ; Houben et al.  2008 ). 
Artifi cial chromosomes offer an advantage to crop improvement by providing 
genomic loci that can be manipulated without regard for surrounding endogenous 
genes. They provide platforms to stack GOI and/or to study gene expression in 
individual chromatin domains. Such modules would be transmitted through meiosis 
and genetically stable. These platforms could also provide targets for recombinase- 
mediated integration, which would allow the addition of more genes even after 
establishment of the “minichromosome” in plant cells. Production of circular “mini-
chromosomes” is easily done with site-specifi c recombinases in vitro or in single 
cells. However, in germ line cells of whole plants, such circles can form dicentric 
rings during meiosis leading to DNA breakage during segregation (McClintock 
 1938 ). To counter this, the presence of a “minichromosome”-specifi c resolvase such 
as Tn3 or CinH could in theory separate the rings and help stabilize inheritance. 
Currently, artifi cial chromosome inheritance rates are not up to the 100 % level 
required for commercialization (Carlson et al.  2007 ), but research continues to 
investigate possible uses of these amazing structures.  

9     Conclusion: Benefi ts of Site-Specifi c Recombinase 
Technology and Future Directions 

 This review discusses the application of site-specifi c recombination-based technol-
ogies and ways they can be used to improve genetic engineering in both basic and 
applied research. The technology enables the removal of extraneous DNA such as 
selectable markers (e.g., antibiotic and herbicide resistance genes) from the genome. 
The use of site-specifi c recombination technology in plant genome manipulation has 
also been demonstrated to effectively resolve complex transgene insertions to single 
copies, to remove unwanted plasmid backbone DNA, and to precisely insert trans-
genes into genomic target sites with known expression attributes. In plants, this tech-
nology speeds the transition from laboratory manipulation to fi eld production, an 
important benefi t for both the industry and the general public. From an application 
point of view, the number and types of recombinases available along with the inno-
vative strategies being developed offer a multitude of ways for genome manipulation 
including effi cient single-copy targeted integration, sequential gene stacking, and 
complete transgene removal from the pollen and/or seed. These strategies are appli-
cable to both commonly used transformation methods, biolistics and  Agrobacterium , 
and thus can be used in any transformable plant. The fi nal question to address is how 
these methods will change genomic engineering in the future. Up to now, the tech-
nology behind site-specifi c recombination has mainly been evolving by changes in 
the timing of recombinase action and in the placement of recognition sequences, 
as discussed above. More recently, with the demonstration that these enzyme 
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systems can function in nonnative cell environments, the emphasis has shifted 
toward modifi cations of the enzymes themselves to enhance their effi ciencies in 
target organisms and improve the specifi cities of the recombinase for natural and 
mutated recognition sites. In 1998 Buchholz performed error-prone PCR on the  Flp  
gene, inducing a series of mutations that increased the enzyme’s thermo-stability 
and relative rates of activity. Second generation modifi cations included mutagenesis 
for increased activity (Buchholz et al.  1996 ), recognition site alteration (Abi-
Ghanem et al.  2013 ; Keravala et al.  2008 ; Sclimenti et al.  2001 ), codon optimization 
for increased rates of translation and thus higher cellular concentration (Blechl et al. 
 2012 ; Moon et al.  2011 ; Raymond and Soriano  2007 ), and addition of nuclear local-
ization signals (NLS) to increase effective concentrations of the recombinase in the 
nucleus (Andreas et al.  2002 ; Blechl et al.  2012 ). While these modifi cations have 
been effective in enhancing activity or altering binding site recognition, they did not 
fundamentally change the structure of the recombinase or allow it to recognize off-
site targets. Enter the third generation of site-specifi c recombinases or “designer” 
recombinases. The capacity to excise or integrate DNA without the gain or loss of 
nucleotides has been paired with the both zinc fi ngers (Gaj et al.  2013 ; Prorocic et al. 
 2011 ; Proudfoot et al.  2011 ) and TALENs (Mercer et al.  2012 ) to yield adjustable 
binding site recognition. In theory, these third generation recombinases would have 
the capacity to target most any region of the genome in a site-specifi c manner. This 
means that DNA insertion into genomes would no longer be subject to the random-
ness and rearrangements of illegitimate recombination nor depend on the host cell’s 
own ineffi cient homologous recombination machinery. Use of recombinase tech-
nology has become routine in genomic engineering and is becoming an integral 
part of crop biotechnology, yielding improved crops that rely less on pesticides and 
fertilizers and produce high quality, abundant foods that benefi t the farm economy. 
Further refi nements to this technology have the potential to improve public 
acceptance for genetically engineered crops in the future as plants produced with 
this expertise may raise fewer public and regulatory concerns about the presence of 
markers genes, novel proteins and potential unintended effects of extraneous DNA.   
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    Chapter 8   
 Developing CRISPR Technology in Major 
Crop Plants 

             Kunling     Chen      and     Caixia     Gao     

    Abstract     Targeted genome modifi cation (TGM) by sequence-specifi c nucleases 
(SSNs) is a powerful tool for elucidating gene function and improving crops. Very 
recently, clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated (Cas) system-based RNA-guided endonucleases have been 
added to the SSN toolbox. TGMs generated by this system rely on a synthetic single 
guide RNA (sgRNA) to direct the Cas9 protein to cleave a predetermined DNA 
sequence. Unlike previous SSNs, CRISPR provides a simple, cost-effective and 
versatile approach to multiplex genome engineering. In this review, we describe the 
molecular mechanisms involved in the CRISPR system, and summarize and discuss 
the applications of this technology in plant genome engineering.  

1          Introduction 

 With the completion of whole genome sequencing in an increasing number of 
crops, plant researchers face the challenge of converting the enormous amounts of 
sequence data into genetic information. The post-genome era requires the develop-
ment of new affordable methods to elucidate gene function and develop new breed-
ing technologies to enhance crop improvement. Targeted genome modifi cation 
(TGM) technologies to generate sequence-specifi c genetic changes are long sought-
after genome engineering tools (Curtin et al.  2012 ; Voytas  2013 ). In the past few 
years, engineered nucleases, including zinc-fi nger nucleases (ZFNs) and transcrip-
tion activator-like effector nucleases (TALENs), have been widely used for TGM in 
many organisms (Carroll  2011 ; Joung and Sander  2012 ; Perez-Pinera et al.  2012 ; 
Porteus and Carroll  2005 ; Urnov et al.  2010 ; Sun and Zhao  2013 ). These engi-
neered nucleases can be used to alter genomes at specifi c loci, and they make use 
of a targeting procedure in which proteins recognize specifi c DNA sequences. 
However these systems require a newly designed and synthesized nuclease for each 
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new target DNA sequence and reengineered ZFN or TALEN. Thus the assembly of 
ZFNs and TALENs is time consuming, costly, and requires experimental skill (Gaj 
et al.  2013 ). 

 Very recently, a revolutionary SSN technique based on the bacterial CRISPR 
(clustered regularly interspaced short palindromic repeats)/Cas (CRISPR associ-
ated) system has been developed for precise genome manipulation (Jinek et al. 
 2012 ; Pennisi  2013 ). The CRISPR system uses the Cas9 nuclease and an engineered 
single guide RNA (sgRNA) that specifi cally binds to the target sequence and recruits 
Cas9 to cleave the locus (Jinek et al.  2012 ; Cong et al.  2013 ; Mali et al.  2013a ). Only 
a single customized gRNA is required to target a specifi c sequence, and Cas9 does 
not have to be reengineered for each new target site. The CRISPR system therefore 
promises to displace ZFNs and TALENs. Recently, the CRISPR technology was 
selected as one of the ten breakthroughs of the year by the journal Science ( Genetic 
microsurgery for the masses 2013 ). Within just 1 year, applications of CRISPR-
mediated genome modifi cation were described in more than 50 publications using a 
wide range of hosts, such as human cells (Jinek et al.  2012 ,  2013 ; Cong et al.  2013 ; 
Mali et al.  2013a ; Cho et al.  2013 ; Hou et al.  2013 ; Chen et al.  2013 ), rat (Hu et al. 
 2013 ; Li et al.  2013a ), zebrafi sh (Auer et al.  2014 ; Chang et al.  2013 ; Hwang et al. 
 2013 ; Jao et al.  2013 ; Blackburn et al.  2013 ), fruit fl y (Bassett et al.  2013 ; Gratz 
et al.  2013 ; Baena-Lopez et al.  2013 ), nematode (Friedland et al.  2013 ), mouse 
(Cong et al.  2013 ; Li et al.  2013a ; Yang et al.  2013 ), yeast (Dicarlo et al.  2013 ), 
bacteria (Jiang et al.  2013a ), plants (Mao et al.  2013 ; Miao et al.  2013 ; Nekrasov 
et al.  2013 ; Shan et al.  2013 ; Upadhyay et al.  2013 ; Xie and Yang  2013 ; Jiang et al. 
 2013b ; Li et al.  2013b ; Liang et al.  2014 ), and many other organisms. Mutation rates 
obtained with the CRISPR system are comparable to those observed with ZFNs and 
TALENs, or in many cases even higher in stably transformed plants (Feng et al. 
 2013 ). CRISPR has become one of the most useful tools for genome engineering 
since 2013. Like ZFNs and TALENs, the CRISPR system introduces double-strand 
breaks (DSBs) at appropriate genomic sites and triggers DNA repair by either error-
prone nonhomologous end joining (NHEJ) or homologous recombination (HR) 
(Chen and Gao  2013 ; Wyman and Kanaar  2006 ) pathways. Therefore it can be used 
to generate modifi cations like gene knockouts, replacements, insertions, and chro-
mosome rearrangements at targeted loci. Here, we review recent advances in 
CRISPR technology and the application of this technology to plant genomes. We 
also discuss its potential as a new plant breeding technology to overcome regulatory 
issues, as well as possible constraints on its expansion, and future prospects.  

2     Development of CRISPR Technology 

2.1     The CRISPR/Cas Defense System 

 The CRISPR/Cas system is a widespread bacterial and archaeal system of adaptive 
immunity against invading viruses and plasmids. Based on the core elements and 
sequences, three types of CRISPR/Cas systems have been identifi ed (Barrangou  2013 ; 
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Makarova et al.  2011 ; Wiedenheft et al.  2012 ). The type I and type III systems 
require multiple proteins to form a large functional multi-Cas complex, whereas the 
type II system only needs a single Cas9 protein. Hence the latter is more easily 
adapted to other organisms for practical application. 

 The type II CRISPR locus from  Streptococcus pyogenes  SF370 contains a clus-
ter of  cas  genes as well as two noncoding RNA elements—the trans activating 
CRISPR RNA (tracrRNA) and CRISPR array (Barrangou  2013 ; Deltcheva et al. 
 2011 ), in the order of tracrRNA- cas  gene operon-CRISPR leader sequence-CRISPR 
arrays (Deltcheva et al.  2011 ; Barrangou  2012 ). The most characteristic feature of 
this system is the CRSIPR array of nearly identical DNA repeats, separated by regu-
larly spaced sequences. 

 CRISPR/Cas is an RNA-guided DNA cleavage defense system. Once viruses 
and plasmids invade, host cells respond by integrating short fragments of the for-
eign DNA into the CRISPR loci as novel spacer sequences. Subsequently, tracrRNAs 
and a long pre-crRNA of repeat-spacer arrays are transcribed, and the tracrRNA 
hybridizes to each repeat sequence within the pre-crRNA to form a double-stranded 
RNA. After that, these dsRNAs are cleaved by endogenous RNase III and unknown 
nucleases associated with Cas9, and mature crRNAs are released (Deltcheva et al. 
 2011 ). The mature crRNAs consist of approximately 40 nt, generally made up of a 
20 nt unique guide sequence originating from the spacer and a 19-22 nt 3′ handle 
derived from the repeat sequence. The crRNAs remain associated with the tracrRNA 
and Cas9 to form a ribonucleoprotein complex (Barrangou  2013 ). The targeted 
Cas9 cleaves the protospacer DNA in both strands—the HNH nuclease domain 
cleaves the complementary strand and the RuvC-like domain cleaves the noncom-
plementary strand. Precise cleavage of the nucleotide three-base pair upstream of 
protospacer adjacent motif (PAM) creates a blunt end. Once the crRNA pairs with 
the complementary protospacer sequence upstream of the PAM of the invader, a 
double-strand DNA R-loop is generated by the DNA strand displaced by the 
crRNA. Finally, the tracrRNA–crRNA-Cas9 ribonucleoprotein complex cleaves the 
protospacer DNA sequence (Barrangou  2013 ; Deltcheva et al.  2011 ).  

2.2     CRISPR Genome Engineering 

 In 2012, the molecular machinery of the Type II CRISPR/Cas system derived from 
 Streptococcus pyogenes  was developed in the form of programmable RNA-guided 
endonucleases (RGENs) for genome editing by Jinek et al. ( 2012 ) (Fig.  8.1 ). These 
co-authors were the fi rst to demonstrate that a sgRNA mimicking the dual-
tracrRNA- crRNA molecule could direct sequence-specifi c cleavage as a ribonu-
cleoprotein complex in vitro. The CRISPR/Cas system was thus dramatically 
simplifi ed. Using sgRNA, Cas9 can introduce DSBs at any selected sites, and the 
only constraint is that the recognition sites must have a 3′-downstream NGG (PAM) 
sequence (Jinek et al.  2012 ). This major achievement provided the foundation for 
CRISPR genome engineering.  
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 By early 2014, precise DNA cleavage had been made at endogenous genomic 
loci by CRISPR in human cells (Cong et al.  2013 ; Mali et al.  2013a ; Cho et al.  2013 ) 
and mice cells (Cong et al.  2013 ). In addition, targeted insertions were obtained by 
homologous recombination (HR) in  AAVS1  (Mali et al.  2013a ) and  EMX1  (Cong 
et al.  2013 ). More importantly, another attractive feature of the CRISPR system was 
demonstrated the ability to edit several loci at the same time by introducing multiple 
sgRNAs simultaneously (Cong et al.  2013 ). This is diffi cult to achieve using ZFNs 
and TALENs. Later, in vivo genome editing by CRISPR was confi rmed in zebrafi sh 
(Hwang et al.  2013 ), then extended to many other organisms (Pennisi  2013 ). In 
these reports, the cleavage effi ciencies achieved with CRISPRs were equal to or 
better than those obtained with TALENs (Cong et al.  2013 ; Mali et al.  2013a ; Cho 
et al.  2013 ; Hwang et al.  2013 ). 

 Along with the increased understanding of Cas9, researchers have expanded the 
application of CRISPR to include regulating genomic processes by, for example, 
nicking one strand of DNA to facilitating HR (Mali et al.  2013a ), activate or repress 
gene expression (Bikard et al.  2013 ; Cheng et al.  2013 ; Maeder et al.  2013a ; Perez- 
Pinera et al.  2013 ; Qi et al.  2013 ). From the results with ZFNs or TALENs, it was 
already known that breaking one strand could enhance DNA repair by the HR path-
way, and Cong et al. tested site-directed mutagenesis with Cas9 following one 
strand cleavage of either the RuvC- or HNH-motif, and these strand-specifi c nick-
ases were shown to effi ciently increase the HR rate in mouse and human cells (Cong 
et al.  2013 ). Transcriptional regulation in eukaryotes involves a balance between 
activation and repression regulated by transcription factors and epigenetic modifi ca-
tions. A catalytically impaired Cas9 (dCas9) lacking endonuclease activity can be 
fused to different effectors. CRISPR associated with dCas9 can thereafter perform 
other tasks than cleaving DNA sequences. In  E. coli , gene repression was achieved 
simply by expressing a dCas9 along with a sgRNA (Qi et al.  2013 ). SgRNA and 

  Fig. 8.1    The schematic of CRISPR structure. The CRISPR/Cas9 system consists of a sgRNA and 
the Cas9 nuclease. One nucleotide of the sgRNA interacts with one nucleotide of the DNA target 
site. The enzyme Cas9 is guided to the target DNA by sgRNA that contains a sequence that matches 
the sequence to be cleaved, which is demarcated by PAM sequences. Cas9 has two active sites that 
each cleave one strand of a double-stranded DNA molecule       
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dCas9 can bind together to form a DNA recognition complex. Guided by sgRNA, 
the dCas9 can block transcription start sites or interfere with transcript elongation, 
thus repressing gene expression. This technology, called CRISPR interference 
(CRISPRi), can be used to repress multiple target genes by expressing dCas9 along 
with multiple sgRNAs (Qi et al.  2013 ). When dCas9 was fused to the KRAB domain 
of Kox1, the dCas9-KRAB fusion protein stimulated CRISPRi silencing, and 
knocked down CD71 and CXCR4 expression in human cells (Gilbert Luke et al. 
 2013 ). CRISPR activation (CRISPRa) technology involves fusing a dCas9 to activa-
tor domains, such as VP64 or p65, and was shown to be effective in activating the 
expression of single or multiple genes in human cells (Maeder et al.  2013a ; Perez- 
Pinera et al.  2013 ; Gilbert Luke et al.  2013 ; Mali et al.  2013b ). Activation and 
repression of transcription of RNA polymerase (RNAP) has also been demonstrated 
in bacteria using dCas9 (Bikard et al.  2013 ), and recently, targeted histone methyla-
tion or demethylation, and DNA demethylation, have been obtained using TALEs or 
ZFs fused to histone methyltransferases, histone deacetylases (Konermann et al. 
 2013 ; Mendenhall et al.  2013 ), or the TET1 catalytic domain (Maeder et al.  2013b ). 
These results imply that epigenome editing by epigenetic CRISPR (epiCRISPR) 
will be realized in the near future using the same strategy.  

2.3     Maximizing the Specifi city of CRISPR 

 In theory, the specifi city of CRISPR bestowed by the fi rst 20 nt of the crRNA is 
enough to guarantee specifi city, although only the seed region of the 13 bp adjacent 
to the PAM is required to specify the binding of Cas9 to the target site. Mismatch 
tolerance, particularly at the 5′-end of crRNA, has been frequently observed in 
mammalian cells (Jinek et al.  2012 ; Cong et al.  2013 ; Fu et al.  2013 ; Hsu et al.  2013 ; 
Pattanayak et al.  2013 ; Cradick et al.  2013 ; Cho et al.  2014 ) and plants (Shan et al. 
 2013 ; Upadhyay et al.  2013 ; Xie and Yang  2013 ). Current work suggests that the 
CRISPR system may not yet have adequate specifi city to completely displace its 
ZFN and TALEN forebears, the main obstacle being the high off-target rate. In 
mammalian systems, some off-target effects were even more frequent than the on- 
target effects (Fu et al.  2013 ). Only limited off-target data are available for rice 
(Shan et al.  2013 ; Xie and Yang  2013 ), but fortunately, the off-target effi ciency was 
lower than the perfect matches (Xie and Yang  2013 ). 

 Some approaches have been proposed to reduce the off-target rate: (1) The dis-
covery in other species of archaea or bacteria of a Cas9 protein with a longer 
PAM. For example, NmCas9 from  Neisseria meningitidis  8013 binds to a 24 nt 
protospacer sequence with a 5′-NNNAGAA-3′ PAM, and confers additional speci-
fi city (Hou et al.  2013 ); (2) Titration of the sgRNA and Cas9 levels to control the 
sgRNA/Cas9 reaction precisely (Hsu et al.  2013 ; Pattanayak et al.  2013 ); (3) 
Bioinformatic prediction to aid in rational target site selection and sgRNA design 
(Hsu et al.  2013 ; Pattanayak et al.  2013 ); (4) Artifi cial engineering paired mCas9 
nickase function like ZFNs or TALENs by introducing two single strand breaks in 
both strands (Pattanayak et al.  2013 ; Cho et al.  2014 ).   
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3     CRISPR Technology in Plants 

 The fi rst reports describing applications of the CRISPR system to plants were pub-
lished in the August 2013 issue of Nature Biotechnology (Nekrasov et al.  2013 ; 
Shan et al.  2013 ; Li et al.  2013b ). Three months later seven groups had employed 
this RNA-guided genome engineering system in more plant species (Mao et al. 
 2013 ; Miao et al.  2013 ; Upadhyay et al.  2013 ; Xie and Yang  2013 ; Jiang et al.  2013b ; 
Liang et al.  2014 ; Feng et al.  2013 ). Up to now, model plants including  Arabidopsis  
(Mao et al.  2013 ; Jiang et al.  2013b ; Li et al.  2013b ; Feng et al.  2013 ) and tobacco 
(Nekrasov et al.  2013 ; Jiang et al.  2013b ; Li et al.  2013b ) and crop plants including 
rice (Mao et al.  2013 ; Shan et al.  2013 ; Xie and Yang  2013 ; Jiang et al.  2013b ; Feng 
et al.  2013 ), wheat (Shan et al.  2013 ; Upadhyay et al.  2013 ), maize (Liang et al. 
 2014 ), and sorghum (Jiang et al.  2013b ) have been involved in this technology. 

3.1     Improving CRISPR Technology in Plants 

 The application of CRISPR technology to plants was improved mainly by developing 
effi cient CRISPR genome editing systems and fast validation systems. In order to 
obtain an effi cient CRISPR system, the usual strategy is to optimize Cas9 and select 
an appropriate RNA polymerase III promoter for sgRNA expression. Belhaj et al. 
have summarized CRISPR improvements in details (Belhaj et al.  2013 ). On the 
other hand, various transient assay systems have been developed in a number species 
for CRISPR validation, because obtaining targeted genome-modifi ed plants is very 
time consuming. 

 Cas9 has been optimized for the codon frequencies of different eukaryotes 
including rice (Miao et al.  2013 ; Shan et al.  2013 ), a variety of plants (Jiang et al. 
 2013b ; Li et al.  2013b ),  Chlamydomonas reinhardtii  (Jiang et al.  2013b ), and 
humans (Mao et al.  2013 ; Upadhyay et al.  2013 ; Xie and Yang  2013 ; Jiang et al. 
 2013b ), and even a wild spCas9 (Jiang et al.  2013b ) has been validated in different 
plants (Table  8.1 ). The optimized Cas9 are provided with the appropriate nuclear 
localization signals (NLS) for correct subcellular localization. In plants, constitutive 
expression of Cas9 has been achieved under the control of the 35sCaMV (Nekrasov 
et al.  2013 ; Shan et al.  2013 ; Xie and Yang  2013 ; Jiang et al.  2013b ), OsAct1 (Jiang 
et al.  2013b ), 35SPPDK (Li et al.  2013b ), or UBQ (Mao et al.  2013 ) promoters.

   The sgRNA, another core element of CRISPR, is also generally modifi ed to 
enhance its expression using the U3 or U6 RNA polymerase III promoter from 
native species such as  Arabidopsis , rice, or wheat (Table  8.1 ). The design of the 
sgRNA depends on the target sequence. A specifi c 20 bp target sequence adjacent 
to a PAM sequence (N) 20 NGG has been widely used in mammalian genome editing, 
but a variety of (N) 19-20 NGG sequences are acceptable in plants (Miao et al.  2013 ; 
Shan et al.  2013 ; Feng et al.  2013 ). Research in plants has also shown that the 
sgRNA does not need to provide a strict match. For example, it is not required for 
the U6 promoter in G(N) 19-20  or for the U3 promoter in A(N) 19-20 , which need the “G” 
or “A” to defi ne the transcription start site (Shan et al.  2013 ). 
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 For fast validation of CRISPR, transient expression systems have been devel-
oped to assess in vivo effi ciency of CRISPR in a short period of time. The protoplast- 
based transient system has been used to test NHEJ-mediated mutagenesis and 
HR-mediated gene replacement in  Arabidopsis , tobacco, rice, and wheat. Moreover, 
targeted gene replacements in protoplasts have reached an effi ciency of 18.8 %, or 
42 % in  Arabidopsis  (Mao et al.  2013 ; Feng et al.  2013 ), 9 % in tobacco (Li et al. 
 2013b ), and 6.9 % in rice (Shan et al.  2013 ). Other transient systems that have been 
examined include leaf agroinfi ltration for  Arabidopsis  (Li et al.  2013b ) and tobacco 
(Nekrasov et al.  2013 ; Jiang et al.  2013b ), embryo transformation for sorghum 
(Jiang et al.  2013b ), and suspension cells for wheat (Upadhyay et al.  2013 ). Mutation 
detection methods used widely include PCR/RE, which can detect disruption of a 
preserved restriction enzyme site in the targeted sequence, and Surveyor assays 
based on T7 endonuclease or Cel1. 

  In planta , the mutation frequency can reach 89 % in  Arabidopsis  (Mao et al. 
 2013 ), and 91.6 % in rice (Miao et al.  2013 ). In addition to point mutations, large 
deletions in  AtTT4  resulting in removal of a 230-bp fragment have been obtained 
(Mao et al.  2013 ), and multiplex gene disruptions have been created in  Arabidopsis  
(Mao et al.  2013 ; Li et al.  2013b ), rice (Miao et al.  2013 ), and wheat (Upadhyay 
et al.  2013 ).  

3.2     Examples of Applications to Crop Plants 

 To help the reader understand the applications to crops, we summarize achieve-
ments in three major food crops as follows. 

3.2.1     Rice 

 Up to now, 13 endogenous rice genes have been disrupted by fi ve different groups 
using CRISPR (Table  8.1 ). Our group established a CRISPR genome editing system 
in rice and wheat using rice codon-optimized SpCas9, with an NLS attached at both 
ends and a proOsU3-sgRNA (Shan et al.  2013 ). This system has been used to mutate 
four rice genes ( OsPDS ,  OsBADH2 ,  Os02g23823 , and  OsMPK2 ) in rice protoplasts 
with effi ciencies from 26.5.5 to 38.0 %. Stably regenerated mutants of  OsPDS  and 
 OsBADH2  were also obtained by bombarding Cas9 along with the corresponding 
sgRNAs into rice calli. In addition, three biallelic mutations of  OsPDS  had the typi-
cal albino and dwarf  OsPDS  null phenotype (Fig.  8.2 ). Furthermore, a single- 
stranded oligo with a KpnI+EcoRI site was introduced into  OsPDS ; this proved for 
the fi rst time that HR-dependent targeted gene insertions can be engineered by 
CRISPR in rice. Through a bioinformatic analysis, we found that there are 
~3,183,497 and ~566,367 sequences specifi cally targetable by sgRNAs in the rice 
genome and rice cDNAs, respectively. This fi nding implies that nearly all transcripts 
can be targeted by CRISPR, with an average of nine targets per cDNA.  
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 The Zhu group has obtained knockout mutants of the rice genes  OsROC5 , 
 OsSPP , and  OsYSA  by transforming an Agrobacterium vector containing HspCas9 
and proOsU6-sgRNA cassettes into rice calli (Feng et al.  2013 ). In the T0 genera-
tion, 10 % of the  ysa  mutants had the expected albino leaf phenotype. One line with 
an  OsROC5  mutation and two lines with  OsYSA  mutations harbored homozygous or 
biallelic mutations (Feng et al.  2013 ). This group reported a mutation frequency of 
about 50 % in  OsMYB1  in another publication (Mao et al.  2013 ). 

 The Qu group has developed Gateway™ binary T-DNA vectors for co- expression 
of spCas9 and sgRNA (Miao et al.  2013 ) and tested them with sgRNAs or 
 dual- crRNA:tracrRNAs targeting either  OsCAO1  or  OsLAZY1 . The mutagenesis 
effi ciency generated by the sgRNA constructs was higher than that of dual-
crRNA:tracrRNA constructs. The mutation frequencies of  OsCAO1  and  OsLAZY1  
in the T1 generation reached 83.3 % and 91.6 %, respectively, using sgRNAs. Also, 
knockout mutants with biallelic mutations of both genes displayed the expected 
phenotypes. 

 The Weeks group has focused on testing CRISPR technology with reporter sys-
tem in monocot and dicot plants. They targeted the promoter region of the bacterial 
blight susceptibility genes,  OsSWEET14  and  OsSWEET11 , in rice protoplast. 
Meanwhile, Cas9/sgRNA activity on an out-of-frame DsRED2 was also identifi ed 
in immature sorghum embryos (Jiang et al.  2013b ). 

 Yang’s group has created targeted knockouts in the rice disease resistance gene 
 OsMPK  using CRISPRs (Xie and Yang  2013 ). Their whole genome analysis pre-
dicted that specifi c gRNAs could be designed to target more than 90 % of rice 
genes.  

  Fig. 8.2    The dwarf and albino phenotype of a rice OsPDS knockout produced by the CRISPR/
Cas9 system       
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3.2.2     Wheat 

 As a hexaploid plant with a giant genome of 17 Gb genome, wheat is the most 
complicated food crop. Large genome size, polyploidy, and lack of an effi cient 
genetic transformation system are substantial barriers to generate TGMs. Targeted 
genome editing was not even available in wheat until CRISPR technology 
appeared. The wheat TaMLO gene, an important gene implicated in powdery mil-
dew resistance, was disrupted in wheat protoplasts with a proTaU6-sgRNA and 
rice codon- optimized Cas9 (Shan et al.  2013 ). Upadhyay et al. reported that two 
wheat endogenous genes  TaINOX  and  TaPDS  were disrupted with a mutation effi -
ciency of 18–22 % in suspension cells, and multiplex CRISPR RNA targeting two 
different positions and two separate genes was also studied (Upadhyay et al.  2013 ).  

3.2.3     Maize 

 Our group has recently confi rmed CRSPR genome editing in maize with the same 
rice-codon optimized Cas9 and a proZmU3-sgRNA. Two sgRNAs targeting the 
 ZmIPK  gene in maize protoplasts achieved frequencies of 16.4 % and 19.1 %, 
respectively. The CRISPR/Cas system induced targeted mutations in  Zea mays  pro-
toplasts with an effi ciency (13.1 %) similar to that obtained with TALENs (9.1 %) 
(Liang et al.  2014 ).    

4     Perspective and Conclusions 

 CRISPR-mediated genome modifi cation is rapidly becoming a powerful tool for 
genome engineering. This new technology can be developed as a fast, effi cient 
genome editing and genome regulation approach for functional genomics research 
as well as genetic modifi cation of crops. Some developing directions need to be 
considered. 

4.1     Developing CRISPR as a New Plant Breeding Technique 
for Next Generation Crop Improvement 

 To support the demands of an increasing human population, new breeding tech-
niques (NBTs) that can rapidly, effi ciently, and precisely produce innovative variet-
ies with improved traits are greatly needed (Lusser et al.  2012 ). TGM technology 
based on CRISPR is a sophisticated method to modify crop genomes, and is one of 
the NBTs holding the greatest promise for crop improvement (Lusser et al.  2012 ; 
Chen and Gao  2014 ; Podevin et al.  2012 ,  2013 ; Waltz  2012 ; Pauwels et al.  2014 ). 
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 In contrast to classical transgenic breeding, this precise manipulation of genomes 
may overcome some of the constraints associated with transgene-based breeding 
techniques. For example, modifi ed plants with only frame-shift mutations due to 
small insertions or deletions induced by NHEJ, or with sequence-specifi c point 
mutations resulting from homologous recombination (HR), are indistinguishable 
from those introduced by traditional breeding methods (Lusser et al.  2012 ; Chen 
and Gao  2014 ). Therefore, these products are similar to natural variants, or those 
produced by physical or chemical mutagenesis in conventional breeding (Podevin 
et al.  2013 ; Kuzma and Kokotovich  2011 ). The method can be used to create allelic 
variation and the products may fall outside existing defi nitions and regulations 
affecting GM crops (Lusser et al.  2012 ; Podevin et al.  2012 ). 

 Furthermore, this technology may avoid introducing novel genetic elements and 
proteins; for example, TGM plants regenerated from protoplasts or suspension cells 
can be high precision modifi ed crop varieties with marker gene-independent and 
antibiotic-free genomes. Therefore this technology has the advantage over trans-
genic procedures of reducing potential risks and thus of enjoying greater public 
acceptance (Lusser et al.  2012 ; Podevin et al.  2012 ). 

 Of course, CRISPRs have other advantages as powerful NBTs. Firstly, CRSIPR 
is easy to implement and only an inexpensive commercial synthesis of sgRNAs is 
needed. Secondly, there are many potential target sites; these only need an NGG 
PAM, and there is an average of one PAM every 10 bp in the rice genome (Xie and 
Yang  2013 ). Thirdly, target cleavage is not affected by DNA methylation, which 
means that cleavage should be effective at many more loci (Hsu et al.  2013 ). Finally, 
the ability to perform multiplex genome editing by CRISPR creates the possibility 
of altering several key factors related to an important trait, or modifying several 
traits at the same time. This could help to understand a whole metabolic pathway, or 
signal transduction or transcript regulation network, and so should be a powerful aid 
in compound breeding. 

 Thus CRISPR-mediated TGM is an exciting direction for both research and 
application in crop improvement.  

4.2     Developing CRISPR for Regulating Plant Genomes 

 Cas9 can be recruited to form a transcrRNA-crRNA-Cas9 complex to target any 
chosen site and thus provides opportunities for altering gene regulation by fusing 
dCas9 to other functional domains. CRISPRa which up-regulates the transcription 
of endogenous genes is a powerful tool for obtaining accurate gene overexpression 
in the right location. Similarly, CRISPRi can be used to create mutants with down- 
regulated expression of selected genes, and especially multiple homologous gene 
knockdown mutants. Neither CRISPRa nor CRISPRi has yet been tested in plants, 
but it is important to do this. Furthermore, demethylation or methylation of histones 
or DNA has so far only been reported using ZFNs and TALENs, but we believe that 
epiCRISPR will very soon have an impact on epigenetic research in plants. 
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 In conclusion, CRISPR is a promising genome editing method, though it is still 
far from mature in plants. Many improvements are still needed for effective CRISPR 
application. In any event, we believe that this rapid, versatile technique will not only 
ensure a bright future for plant genomic research, but may also in the near future 
become a routine NBT once its specifi city has been improved.      
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