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DNA Break Repair in Plants and Its Application for Genome
Engineering

Carla Schmidt, Michael Pacher, and Holger Puchta

Abstract

Genome engineering is a biotechnological approach to precisely modify the genetic code of a given
organism in order to change the context of an existing sequence or to create new genetic resources, €.g.,
tor obtaining improved traits or performance. Efficient targeted genome alterations are mainly based on the
induction of DNA double-strand breaks (DSBs) or adjacent single-strand breaks (SSBs). Naturally, all
organisms continuously have to deal with DNA-damaging factors challenging the genetic integrity, and
therefore a wide range of DNA repair mechanisms have evolved. A profound understanding of the different
repair pathways is a prerequisite to control and enhance targeted gene modifications. DSB repair can take
place by nonhomologous end joining (NHE]J) or homology-dependent repair (HDR). As the main
outcome of NHE]J-mediated repair is accompanied by small insertions and deletions, it is applicable to
specifically knock out genes or to rearrange linkage groups or whole chromosomes. The basic requirement
for HDR is the presence of a homologous template; thus this process can be exploited for targeted
integration of ectopic sequences into the plant genome. The development of different types of artificial
site-specific nucleases allows for targeted DSB induction in the plant genome. Such synthetic nucleases have
been used for both qualitatively studying DSB repair in vivo with respect to mechanistic differences and
quantitatively in order to determine the role of key factors for NHE] and HR, respectively. The conclusions
drawn from these studies allow for a better understanding of genome evolution and help identifying
synergistic or antagonistic genetic interactions while supporting biotechnological applications for tran-
siently modifying the plant DNA repair machinery in favor of targeted genome engineering.

Key words DSB repair, HDR, NHE], Programmable nucleases, Gene targeting, Genome
engineering

1 Randomly Induced DNA Damage

Difterent endogenous and exogenous factors continuously damage
genetic information, causing various kinds of DNA lesions (Fig. 1).
As photoautotrophic organisms, plants use light energy for photo-
synthesis and thus are also exposed to ultraviolet radiation (UV).
This radiation ranges from 100 to 400 nm in wavelength. Three
types of UV radiation are described, namely UV-A, UV-B, and
UV-C, with UV-C being directly absorbed by the DNA and thus
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Fig. 1 Possible DNA lesions induced by various factors. The DNA double helix is exposed to different
endogenous and exogenous factors, resulting in different DNA damages, followed by damage recognition
and DNA repair. CPDs and 6-4 PPs are mainly produced via UV radiation, while gamma- and X-rays directly
ionize the DNA, resulting in DSBs and SSBs. Both UV and ionizing radiations are also involved in the formation
of ROS. This highly reactive species can cause several kinds of base damages like 8-oxo-guanine, 05-megG,
N®meA, and AP sites. ROS are formed endogenously due to the presence of free radicals. Mutagenic agents
can cause cross-links between adjacent and paired bases, as well as DNA-protein cross-links

being most harmful for genetic material. UV radiation mainly
causes the formation of cyclobutane pyrimidine dimers (CPDs)
and 6—4 photoproducts (6—4 PP) by covalent binding of Cs and
Cg carbon atoms of the deoxyribose backbone. Additionally, oxida-
tive DNA damage can be caused by UV irradiation, as the high-
energy rays produce reactive oxygen species (ROS) by interactions
with molecules within a living cell [1]. Free radicals can also appear
in plant cells resulting in ROS formation, due to an inevitable
leakage of electrons onto O, molecules during electron transport
in chloroplasts, mitochondria, and plasma membranes, or as a
by-product of different metabolic pathways [2]. ROS can cause
alkylation or oxidation of bases (e.g., 8-oxo-guanine), as well as
hydrolysis of the N-glycosidic bond of bases, both resulting in an
apurinic/apyrimidinic site (AP site). Besides these endogenous
factors, agents like methyl-methanesulfonate (MMS) and ethyl-
methanesulfonate (EMS) can alkylate bases at their O /N-positions,
resulting, for example, in O°-methylguanine (O%-meG) or N”-
methylguanine /N®-methyladenine (N”meG/N°meA). During
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replication, the O°-meG mispairs with thymine instead of cytosine,
leading to a point mutation. The mutagenic effect of EMS is widely
used for random mutagenesis to perform crop improvements and
execute forward genetic studies [3]. The most noted procedure is
called targeting-induced local lesions in genomes (TILLING), in
which traditional chemical mutagenesis is combined with a high-
throughput genome-wide screening for point mutations
[4, 5]. Aside from methylation, DNA bases can covalently bind to
an adjacent base on the same strand, leading to intra-strand cross-
links, or mispairing with bases of the complementary strand can
result in inter-strand cross-links. Agents like mitomycin C and
cisplatin, typically used as cytostatic agents, create inter- and intra-
strand cross-links and are also applied for mutagenic treatments of
plants. Cross-links can occur not only between two DNA strands,
but also between the DNA backbone and proteins. Protein-DNA
interactions are required for nearly all essential DNA transactions
and nced to be highly dynamic; however, such transient interac-
tions can also result in covalent binding of proteins to the DNA.
Such DNA-protein cross-links are highly toxic, as they interfere
with transcription and replication processes [6]. These DNA
damages can occur naturally or can be induced by camptothecin,
leading to covalent binding of topoisomerase I to DNA. Besides
base damages and cross-linking, the induction of DSBs into the
DNA backbone is highly mutagenic due to the absence of a com-
plementary strand, usually serving as repair template. DSBs can
arise endogenously during processes involved in transmission,
expression, and maintenance of the genetic information, as well as
by exogenous factors like ionizing radiation or radiomimetic
agents, e.g., bleomycin. Ionizing radiation like X- and gamma
rays was discovered in the late nineteenth century. Its highly muta-
genic potential is caused by its ability to directly ionize DNA
molecules or to produce highly reactive radicals and free electrons.
Tonizing radiation can lead to DNA fragmentation and especially to
modifications at the break sites, like the formation of 3’-phosphate,
3'-phosphoglycolate, and 3’-phosphoglycaldehyde ends, which
need to be processed before ligation [7]. AP sites, base oxidations,
and SSBs can also occur via secondary DNA ionization by highly
reactive radicals or free electrons. The first mutagenesis studies
applying X-rays in cukaryotes were made in maize, barley, wheat
and Drosophila [8, 9]. Since then, ionizing radiation has been
applied as a useful tool to create mutants and novel traits and to
study DNA repair mechanisms. Large-scale mutagenesis of plants
using gamma rays was performed on the gamma field of the Japa-
nese Institute of Radiation Breeding [10]. The number of muta-
tions arising in plant cells can differ depending on the exposure
time and the distance to the radiation source. Subsequently, labori-
ous screening of plants carrying mutations associated to desired
phenotypes or to the production of greater yields is indispensable.

holger.puchta@kit.edu



240 Carla Schmidt et al.

Mutagens like bleomycin are also able to induce DSBs by mimick-
ing the effects of ionizing radiation. Due to its cytostatic effect, this
family of glycopeptides are commonly known from cancer treat-
ments. The DSB-inducing property of bleomycin is exploited for
studying DNA repair in plants, while it only rarely plays a role in
mutagenesis [11, 12].

Plants continuously face the challenge to repair all of these
different base lesions, cross-links, SSBs, and DSBs (reviewed in
[13]). Therefore, a complex network of various damage surveil-
lance and repair mechanisms is in place, acting through highly
specific proteins and signaling cascades. To get a deeper insight
into how these mechanisms are regulated and which protein func-
tions are required for adequate repair, plant mutant lines lacking
certain protein functions are required. For the model plant Arabi-
dopsis thaliana, many mutant lines are available for such studies that
have been produced via Agrobacterium-mediated T-DNA transfor-
mation [14]. Based on the clucidation of repair mechanisms in
plants, different DNA repair models have been developed, which
now provide the basis for controlled sequence modifications,
mediated by targeted DNA damage. The discovery of synthetic
nucleases with specific or adaptable target sequences led to a revo-
lution of plant genome engineering approaches [15].

2 Site-Specific Endonucleases for Targeted Genome Manipulations

The first experiments in plants to induce site-specific breaks in the
genome were performed with the homing endonuclease I-Scel,
which was discovered in Saccharomyces cevevisine [16, 17]. Due to
its non-palindromic 18mer recognition sequence [18, 19], I-Scel is
also referred to as megaendonuclease. The probability of the I-Scel
target site occurring randomly in the genome of a plant species is
very low and correlated to the respective genome size. Obviously,
this discovery and the characterization of this unique enzyme
provided an unprecedented tool for targeted DSB induction
in vivo, by I-Scel expression in plants harboring transgenes with
the 18 nt recognition site. It was demonstrated by Puchta et al. that
I-Scel can induce DSBs in plant cells and can therefore be used for
precise genome alterations and to study basic mechanisms of DSB
repair [20]. A disadvantage of I-Scel, however, is its static intrinsic
18 nt recognition motif, as it is desirable to target any sequence in
the genome. For that reason, different types of artificial nucleases
with adaptive recognition sites have been investigated. As the char-
acteristics of these nucleases and their applications are discussed in
detail in the following chapters, we will provide only a short
overview here.

First attempts to create site-specific nucleases were based on the
combination of a DNA-binding domain with a nuclease domain.
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This was initially realized by a combination of a highly variable class
of zinc-finger transcription factors and a cleavage domain of the
restriction enzyme Fokl [21]. Different combinations of these zinc
fingers, with one zinc finger binding three adjacent bases, imple-
mented sequence-specific recognition of the target sequence. How-
ever, sometimes interactions between zinc fingers and proximal
nucleotides led to unpredictable binding; thus each nuclease
required thorough testing. As cloning and testing of these zinc-
finger nucleases (ZFNs) are quite time consuming, a similar
approach was investigated using transcription activator-like effec-
tors (TALEs), which were discovered in the plant pathogen species
Xanthomonas. The DNA-binding domain of these TALEs consists
of tandem repeats, varying only in amino acids 12 and 13, referred
to as repeat-variable diresidue. The variable region of the tandem
repeat was found to provide the specificity for all four DNA bases
and thus a combination of the TALEs with a Fokl nuclease domain,
called a TALE nuclease (TALEN), can be applied for targeting a
DSB. Both ZFNs and TALENs were successtully used in different
plant species for genome engineering approaches (reviewed in
[22]).

The programmable nuclease discovered most recently was orig-
inally described as an adaptive immune system in bacteria and
archaea, consisting of a clustered regularly interspaced short palin-
dromic repeat (CRISPR) locus and Cas proteins [23]. This
CRISPR /Cas system can be used for site-specific break induction
by combining the Cas9 nuclease with a sgRNA complementary to
the target sequence [24]. Besides the 20 nt spanning target
sequence, a protospacer adjacent motif (PAM) is required at the
target locus for break induction via Cas9. The adaption of the
sgRNA to the target site and cloning is simple and can be con-
ducted very quickly in any molecular biology laboratory. This tech-
nique is currently used in many eukaryotic systems and has proved
successful as a tool for genome engineering in plants (reviewed in
[25-27]).

The availability of these programmable site-specific nucleases
provides the basis of targeted genome modifications and tremen-
dously broadens the possibilities of genome engineering. However,
these new biotechnological opportunities are limited by the proper-
ties of the intrinsic DNA repair machinery. Thus, a thorough
understanding of the plant DSB repair mechanisms and its regula-
tion is a mandatory prerequisite for knowledgeable optimization of
genome editing approaches.

3 DNA Repair Mechanisms in Plants and Their Application for Genome Engineering

Plants have to protect their genome against several exogenous and
endogenous factors. Mostly, only one DNA strand is affected, but
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3.1 HDR

the more severe damages are DSBs, due to the absence of a com-
plementary strand, normally serving as a repair template. There-
fore, eukaryotic organisms evolved different pathways to repair
these lesions and to preserve genomic integrity. Some of these
pathways are error prone and thus cause mutations; however,
there are also repair pathways resulting in an accurate restoration
of the genome. Most applications of genome engineering in living
organisms are based on the exploitation of repair pathways, e.g.,
mutagenesis, induced chromosomal rearrangements, and gene tar-
geting (GT). In particular, NHE] as well as HDR are the bases for
most applications of genome engineering [28]. While base editing
and introduction of epigenetic modifications are indirect ways of
either exchanging single nucleotides or modulating gene expres-
sion activity, any targeted genetic rearrangement requires the tran-
sient opening of the genetic code itself with a site-specific cut,
followed by changes therein catalyzed by the intrinsic DNA repair
machinery. Thus, numerous studies have been conducted over the
last 25 years, in order to understand how DNA double-strand
breaks (DSBs) are repaired in plants.

In somatic plant cells, HDR is a minor pathway occurring mainly
during S and G, phases of the cell cycle [29]. In somatic cells, two
different HDR mechanisms have been described, the single-strand
annealing (SSA) and the synthesis-dependent strand annealing
(SDSA), which are the mechanisms employed for the majority of
HDR repair outcomes, while the double-strand break repair
(DSBR) model [30] and the dissolution pathway play only a
minor role (for overview, see Fig. 2). DSBR and dissolution occur
most frequently during meiosis, resulting in crossover (CO) and
non-crossover (NCO) products, and thus DSBR is the most prom-
inent mechanism for explaining the observed meiotic recombina-
tion events [31].

All HR pathways have one common step, mediated by the
MRN (Mrell, Rad50, Nbsl) complex, leading to the formation
of 3’ single-stranded overhangs. To protect the produced DNA
single strands from exonuclease-mediated degradation, a heterodi-
meric protein complex is formed by the three RPA subunits RPA1,
RPA2, and RPA3 in plants [32].

In the presence of homologies on both ends of the break site,
the nonconservative SSA pathway can be utilized for repair
(Fig. 2a). Following end resection by the MRN complex, the
protein RAD52 is recruited to the RPA-bound single-stranded
DNA nucleoprotein complex in yeast [33]. In Arabidopsis, homo-
logs of RAD52 have been identified; however, they display only a
moderate effect on homologous recombination [34]. Instead, it
was demonstrated that the Arabidopsis RADS51 paralogues XRCC2,
RADS51B, and RAD51D are involved in SSA [35]. In contrast to
the MME] pathway, it was shown in yeast that the homology length

holger.puchta@kit.edu



DNA Break Repair in Plants and lts Application for Genome Engineering 243

DSB

A) S - S 1

5 — 5
3 — 3
/£ B) s l e —
3 y = P —
: PR | —
3 L
SSA | \
P S —
[ pm—
I X
o
C) 2
[ ===
v X
D) E) F)
S . - S B Y e
LR —— 3 ¥
5 A o &
3 k) ‘ 3
| |
5 =3 g
3 3 <}
5 5 5
k| a4 & |
SDSA (NCO) DSBR (CO) Dissolution (NCO)

Fig. 2 Overview of HR-related DSB repair mechanisms. After DSB induction, single-stranded 3’ overhangs are
produced. (@) In the case of homologies (green) flanking the break site, the repair reaction occurs via SSA.
Subsequent to annealing of homologous sequences, the 3’ overhanging flaps are removed by an endonucle-
ase and the gaps are filled by a polymerase. (b) When a homologous template is accessible, the 3’ end is able
to invade into the donor molecule (red), forming a D-loop. Subsequently, elongation of the invaded single
strand can take place, using the complementary donor strand as a template. If the displaced strand realigns
with the other end of the break and DNA synthesis occurs, a double Holliday junction (dHJ) is formed (¢). In the
case of SDSA, the invading strand is released after elongation and realigns with the original break site,
resulting in a NCO event, while the information is only copied to one strand (d). The dHJ can be resolved via
HJ-processing endonucleases, inducing orthogonal orientated cuts (red triangles), resulting in a CO event (e).
Alternatively, the dHJ can be dissolved by the formation of a hemicatenane involving a helicase followed by
strand separation by a topoisomerase, resulting in a NCO event (f)
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should add up to a minimum size of between 63 and 89 bp, but in
the absence of competition SSA can utilize repeats as small as 29 bp
[36]. During subsequent strand annealing, overhanging flaps are
removed by an endonuclease, resulting in a deletion between the
homologies. In plants, the RAD1/RAD10 heterodimer is involved
in trimming these flaps before ligation [37]. It is obvious that the
homologous template for this kind of repair reaction has to be
located in close proximity to the break site and that DSBs in
genomic regions containing such homologies are preferentially
repaired via SSA. Besides the factors discussed so far, there are
indications hinting to a minor involvement of the helicase
FANCM and the nuclease MUS81 during SSA [38]. Given the
current limited knowledge regarding the factors involved in SSA, it
is likely that additional helicases and nucleases can substitute each
other, hampering the detection of SSA key factors.

In the case of a DSB occurring in a genomic region lacking
repetitive homologies, a homologous double-stranded template
clsewhere can serve as the repair template. Following the initial
MRN-mediated formation of 3’ single-stranded ends, these over-
hangs are able to invade into the donor molecule, forming a struc-
ture called a D-loop (Fig. 2b). The formation of such a D-loop can
lead to either repair via SDSA or processing of the double Holliday
junction (dHJ) as an intermediate, resulting in repair via DSBR or
dissolution. A dH]J is formed when the displaced strand aligns with
the original break site, so that DNA synthesis can also take place at
the other broken end (Fig. 2¢). This process results in a structure in
which information is copied from both strands of the matrix and
separation of the homologous molecules can only be achieved by
resolution or dissolution of the dH]J. For resolution, specific
HJ-processing endonucleases are essential which can bind and
introduce symmetric cuts with opposite orientation at the junction
(Fig. 2e). Resolution is mainly observed during meiosis and results
in CO events leading to an exchange of chromosome arms and is
required for mixing of parental genomes. Dissolution occurs via the
RTR complex, composed of a RECQ helicase, type 1 topoisomer-
ase, and a structural protein. The helicase forms the hemicatenane
in which the topoisomerase cleaves one strand, enabling strand
separation (Fig. 2f).

During SDSA, sequence information of the donor strand is
replicated to close the gap, with the invading strand being released
to realign with the original break site. Thus, the repair reaction
always results in a NCO, while the information of the matrix is only
copied to one strand (Fig. 2d). Strand invasion of the 3’ ends is
mediated by RAD51 and its paralogs [39, 40]. Subsequently, the
repair reaction is performed utilizing the complementary donor
strand as a template. The binding of the RAD51-ssDNA complex
to the homologous strand is stabilized by the SWI2 /SNF2 class
chromatin remodeler RAD54, which harbors a DNA-binding
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domain, mediating homology search [41, 42]. It was shown before
that RAD54, as well as RAD51 and its paralogs RAD51C and
XRCC3, is essential for SDSA, but not for SSA, while the nuclease
MUSS1 is involved in both pathways [ 38, 42].

The mechanistic HR models discussed above have been sus-
tained qualitatively and quantitatively by analyzing the repair of
DSBs induced in the genome of model plants. Early studies in
tobacco showed that in the absence of DSBs, the occurrence of
HRin somatic tissue is very low [43, 44 |. First experiments to study
DNA repair i planta, using transposons and their intrinsic prop-
erty of cut-and-paste transposition, showed that these DSBs are
mainly repaired via NHE] [45]. An enhancement of HR-mediated
repair was observed, however, when homologous sequences were
localized close to the break site [46]. Using I-Scel in tobacco
protoplasts allowed Puchta et al. to conclude that homologous
recombination can be significantly enhanced by targeted DSB
induction in vivo [20]. Since then, recombination traps harboring
onc or two I-Scel recognition sites have been used to study DSB
repair mechanisms iz planta.

When homologies are in close vicinity to the induced DSB, the
SSA-mediated repair is dependent on the flanking homologies,
resulting in the loss of the sequence between the homologous
repeats. Quantification of SSA frequency is possible using a stably
integrated (S-glucuronidase (gus) reporter, in which the gus gene
harbors a segmentally duplicated region with an I-Scel recognition
site and the functional gus gene can be restored via SSA repair. This
way, it could be demonstrated that one out of three DSBs is
processed via SSA in regions with sequence homologies [47]. In a
similar approach, Orel et al. established that SSA-mediated DSBRis
approximately five times more efficient than interchromosomal
SDSA in the presence of flanking homologies [48]. Very recently,
Vu et al. analyzed the mutation spectra at three different endoge-
nous loci in Arabidopsis by deep sequencing whereby it was found
that the distance between the repeats has an influence on the
absolute frequency of SSA, with the efficiency of SSA being
inversely correlated to the distance between homologies
[49]. Thus, SSA is a very efficient way of repairing DSBs in genomic
regions with tandem repeats, depending on their distance. Natu-
rally, tandem repeats and sequence duplications are not uniformly
distributed over the genome, implying that repair mechanisms can
differ due to the genomic context. Moreover, HDR is dependent
on the accessibility of homologous sequences serving as a template.
While dissolution and DSBR occur mainly during meiosis, with the
dHJ and the synaptonemal complex formation being prerequisites
for correct pairing of homologous chromosomes, it was shown by
Puchta that the SDSA model is best suitable to describe DSBR in
somatic plant cells [50]. In contrast to SSA, the frequency of SDSA-
dependent repair is difficult to measure as several types of
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homologous donor sequences can be a substrate for SDSA. During
the G, and S phases of the cell cycle, the homology of the sister
chromatid can be utilized for repair via SDSA. The interaction of
sister chromatids is mediated by the “structural maintenance of
chromosome” genes SMC6A and SMC6B, factors that are required
for DNA repair and HDR in Arabidopsis [42, 51]. Unfortunately,
the frequency of such an occurrence cannot be quantified, as the
accurately restored sequence is indistinguishable from the original
sequence. Apart from the sister chromatid, there are different
genomic sites, which can possibly be used as a repair template
during HDR (Fig. 3). Allelic sequences on the homologous chro-
mosome can act as a template as well as homologous sequences

intrachromosomal

homologies
allelic sequences

Pl

e

DSB repair using |

S

~

sister chromatids
ectopic sequences

Fig. 3 Possible donor sequences for HR. Induced DSBs can be repaired using several templates for correct
repair via SDSA. During G2 and S phases of the cell cycle, the sister chromatid can be used, leading to an
accurate restoration of the interrupted sequence. Furthermore, intrachromosomal homologies located on the
same chromosome can serve as a template for HDR, as well as allelic sequences from homologous
chromosomes, primarily occurring during meiosis. Ectopic sequences located on other chromosomes or
incoming ectopic DNA are also possible templates for HDR
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located on the same chromosome, e.g., in the case of gene duplica-
tions or transposable elements. Additionally, ectopic sequences on
different chromosomes or from extrinsic DNA are also possible
templates for SDSA (for review, see [29]).

As discussed before, the discrimination of HDR involving the
sister chromatid is not possible per se and thus relatively difficult to
measure. To get an insight into how frequently the sister chromatid
is used as a template during G, and S phases, Vu et al. displayed the
sister chromatid exchange via ethynyldeoxyuridine-based staining
[52]. Interestingly, it could be shown this way that most of the
I-Scel-induced DSBs were repaired using the sister chromatid as a
template, leading to the conclusion that the frequency of this kind
of repair is underestimated. Although these findings are highly
interesting for fundamental research regarding DNA repair, the
applications for genome engineering are negligible due to the fact
that it is impossible to induce sequence changes via sister chromatid
exchange.

The second most common template for DSB repair via SDSA is
intrachromosomal homology. Frequencies can be measured using a
nonfunctional GUS reporter with homologies on the same chro-
mosome within close proximity, serving as a template for the resto-
ration of the GUS marker gene. Applying this kind of reporter
system, it was shown that I-Scel-induced breaks can be repaired
via SDSA using an intrachromosomal homology and about 1 out of
15 DSBs is repaired via this kind of HDR [48]. Besides this analysis,
many studies have been published, indicating that homologous
sequences on the same chromosome are an appropriate matrix for
repair in plants [42, 47, 53].

During meiosis, homologies in allelic positions serve as a tem-
plate for HR and it was shown that such a template can also be
exploited in somatic plant cells [54]. In this study, two different
transgenic lines were combined, one with an intact I-Scel recogni-
tion site and the other with a disrupted I-Scel site. After crossing
these two lines, induction of a DSB via I-Scel led to recombination
events involving the allelic sequence. Besides loss-of-function
mutations due to NHE]J-related repair representing the majority
of events, Gisler et al. detected allelic HR frequencies of 10 *
[54]. Unfortunately, the transgenic lines were lacking homologies
directly at the I-Scel break site in this setup. Taken together, this led
to the conclusion that intrachromosomal somatic HR is 100-1000-
fold more efficient than gene conversion with donor sequences in
ectopic or allelic positions. Very recently, a study in tomato revealed
that Cas9-induced targeted DSBs are more often repaired via
somatic HR, with the homologous chromosome acting as a tem-
plate. In this study, an allele-specific assay was set up in
S. Iycopersicum with DSB induction occurring in a region that
allows discrimination between repair footprints, originating from
the homologous allele or from nonhomologous repair. In this
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3.2 Gene Targeting
in Plants

experimental setup, 14% of all detectable DSB repair events were
allele dependent and three cases could be identified in which
HR-dependent repair events were transmitted through the germ-
line [55]. In contrast to the findings of Gisler et al., the homologies
were directly present at the break site, with the marker for allele-
specific recombination being only a single-nucleotide polymor-
phism [54]. These results are promising for genome engineering
approaches relying on HDR| such as the integration of an extra-
chromosomal homologous template into a break site, using homol-
ogous chromosome arms.

The integration of an ectopic sequence into a break site is
another possibility of repair by the use of homologous genomic
sequences, especially relevant for the large plant genome with its
many repetitive and widely spread genetic elements. Efficiencies for
ectopic DSB-induced HR were tested in tobacco using an acceptor
and a donor locus on different chromosomes. The endonuclease
I-Scel was transiently expressed via Agrobacterium in those plants,
inducing a DSB in the acceptor locus. Following successful recom-
bination involving the donor locus on a different chromosome, a
kanamycin resistance cassette could be restored. Puchta established
that ectopic sequences are used extremely rarely as a HR template,
with frequencies in the range of 10> [56]. In a similar approach by
Shalev and Levy, frequencies of 1073-107° were reported using
transposons for DSB induction in Arabidopsis[57]. The low occur-
rence of such events is thought to be a prerequisite for stabilizing
genetic information in somatic tissue [56] and might be the major
challenge for the integration of DNA during GT. Taken together,
the chromosomal site of the HR template and the occurrence of
homologies close to the break site strongly influence the repair
pathway choice. Furthermore, recent studies found that the
genome size of barley and Arabidopsis correlates with the abun-
dance of different repair outcomes, leading to the conclusion that
frequencies of the entirety of repair pathways differ between plant
species [52, 58]. These species-specific differences were described
earlier for Arabidopsis and tobacco, demonstrating that there is a
positive correlation between genome size and DSB processing
[59, 60]. It is evident from the studies discussed here that DSB
repair pathway choice and the natural prevalence of NHE]-
mediated repair in somatic plant cells pose bottlenecks for biotech-
nological approaches, focused on targeted genome modifications.

The GT technique is based on HDR and can be applied to integrate
new genes at a specific locus or to modify the sequence of a
respective gene (reviewed in [61]). GT was initially tested in
tobacco protoplasts without the induction of a site-specific DSB.
Targeted events could be selected by GT-mediated restoration of a
nonfunctional kanamycin resistance gene with plasmids [62], as
well as with incoming T-DNA or chimeric RNA/DNA
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Fig. 4 Possible donor molecules for GT in plants. Following DSB induction, different donor sequences can be
used for HDR. Homologies (green/blue) to the area flanking the break site need to be present for correct
incorporation of the donor sequence (yellow). (a) Possible ectopic templates for GT are T-DNAs transferred via
Agrobacterium, as well as plasmid DNA and short DNA oligos. (b) If the donor sequence is stably integrated
into the genome, three simultaneous breaks are required to release the target sequence and simultaneously
activate the donor sequence. (¢) Enhancement of GT frequencies can be achieved by the use of geminivirus-
based replicons: the transferred T-DNA consists of the donor sequence combined with a site-specific
nuclease, a donor, and minimal parts necessary for geminivirus rolling-circle replication, leading to the
formation of circularized replicons

oligonucleotides [63, 64] (Fig. 4a). I-Scel was the first nuclease to
enhance GT frequencies in tobacco by targeted DSB induction in
an artificial target site integrated within the genome. The tran-
siently expressed I-Scel cassette led to the induction of a DSB and
the break being repaired using a T-DNA with flanking homology
stretches, leading to an increase of GT frequency by up to two
orders of magnitude [65].

Besides I-Scel, different synthetic nucleases have been applied
to increase HR frequencies in plants, thus becoming independent
of one particular recognition sequence. ZFNs were used to restore
a disrupted marker gene via GT in tobacco protoplasts, reaching
GT frequencies up to 10% in selected lines [66], with applications
in maize, Arabidopsis, and tobacco cells in the following years
[67-69]. Subsequently, GT experiments were performed using
TALENS in tobacco protoplasts, altering the ALS gene with fre-
quencies up to 4% [70]. A similar gene alteration frequency was
successfully obtained using the Cas9-sgRNA system, combined
with different donor DNAs (vector DNA, single-stranded oligos),
targeting the ALS2 gene in maize protoplasts [71]. Moreover,
Cas9-mediated GT approaches were also successfully applied in
Linum usitatissimum and soybean [72, 73].
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3.3 NHEJ

Another GT approach, referred to as “in planta GT,” is inde-
pendent of transfected donor DNA, as the donor sequence is stably
integrated into the genome. For this purpose, three simultaneous
cuts are required, one within the target site and two cuts to release
the linear donor sequence from the genome (Fig. 4b). Applying
such an n planta GT technique based on I-Scel-mediated DSBs in
Arabidopsis, Fauser et al. were able to reach GT efficiencies of up to
1% [74]. More recently, in planta GT using the Cas9-sgRNA
system with an adaptable recognition site allowed targeting of an
endogenous locus, without the requirement of integrating a trans-
gene upfront [75]. An advantage of this i planta GT techniqueis a
minimization of unwanted random integrations of the donor, as
with the case of a hemizygous line only one donor can be excised
and integrated per genome. Furthermore, iz planta GT is indepen-
dent of transformation efficiencies, with this making it especially
attractive for crop plants that are more difficult to transform.

To increase the number of donor molecules, iz planta GT can
also be combined with geminivirus-based replicons (Fig. 4c). For
this application, the transtformed T-DNA consists of a site-specific
nuclease, donor template, and the minimal parts necessary for
geminivirus replication. Recently, the successful application of this
technique was demonstrated using ZFNs, TALENs and Cas9,
respectively [76, 77].

As HDR is a minor pathway in higher organisms, GT frequen-
cies are relatively low. Therefore, various attempts were tested to
enhance HDR by overexpression of HDR-related genes or by
repression of NHE]-related genes. It could be demonstrated in
Arabidopsis that overexpression, as well as egg cell-specific expres-
sion of RAD54 from S. cerevisine, can enhance GT efficiency
[78, 79]. Furthermore, it was shown that a knockout of the
SMCG6B gene leads to impaired sister chromatid exchange and
therefore GT efficiencies could be increased in Arabidopsis
[80]. Besides knockout or overexpression of HDR-related proteins,
different NHE] factors are also able to influence GT. Endo et al.
successfully obtained enhanced GT efficiencies by using /ig4-defi-
cient rice calli cells, lacking an important factor for NHE]
[81]. This indicates that besides HDR pathways, DSB repair via
NHEJ plays an important role for genome engineering and
deserves our attention.

DSBs in somatic plant cells are most frequently repaired via NHE],
either by rejoining the broken DNA ends without or with small
sequence changes. In contrast to HDR pathways, there is no need
for homologous sequences during the repair process. The mecha-
nism ensures that in the absence of homologies, a DSB can be
repaired easily without significant sequence loss. The NHE] path-
way described initially is characterized by the KU70,/KU80 hetero-
dimer and is commonly referred to as canonical-NHE] (c-NHE]).
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Fig. 5 DSB repair via NHEJ mechanisms. Repair of a DSB can occur via two major NHEJ pathways. (a) If the KU
heterodimer is present, the most frequently used pathway is referred to as cNHEJ. During cNHEJ, a direct
ligation of the broken ends can be performed, leading to INDELS (red) or accurate repair of the break site. (b) In
the absence of the KU heterodimer, MMEJ takes over for DSB repair. The MMEJ pathway is dependent on
microhomologies (orange) close to the break site. The first step of the MMEJ pathway is end resection, leading
to 3’ overhangs. Subsequently, annealing of the microhomology region is performed, leading to 3’ flaps. The
removal of heterologous flaps is followed by fill-in synthesis and finally the occurrence of a ligation reaction.
MMEJ is highly error-prone as it mainly leads to deletions between microhomologies

cNHE] results either in small insertions and /or deletions (InDels)
or in an error-free ligation of the break site (Fig. 5a). The KU70
and KUS8O proteins protect the free DNA ends from a significant
loss of nucleotides during end resection [82]. Following binding of
KU70,/KU80, the cNHE] pathway in vertebrates involves the
recruitment of DNA-PKcs and Artemis, as well as X-family poly-
merases, followed by XLF, XRCC4, and LIG4 [83]. In plants,
homologs for KU70, KU80, XRCC4, L.IG4 have been described
[84-86], however, no homologs for DNA-PKcs, ARTEMIS, and
XLF were found. During cNHE], only little or no genetic informa-
tion is lost; however, if only one or two nucleotides are deleted or
inserted, the mutation can result in a frameshift and cause a com-
plete knockout of gene function. The KU70,/KU80 heterodimer is
the key factor in ctNHE] and is supposed to repress HR in plants
[87], which may explain shortening of telomeric sequences in
Arabidopsis [88] and barley [89].

Loss-of-function mutations in A. thaliana Ku70/80, LIG4.
and XRCC4 genes do not cause any growth defects in the
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respective plants [90]. Additionally, in the absence of the
KU-heterodimer, various alternatively named NHE] pathways
known as backup-NHE] (b-NHE]J), alternative-NHE] (a-NHE]J),
and microhomology-mediated end joining (MME]) can take over.
However, it remains unclear as to if all these designations are
synonyms for each other, or if there are indeed several alternative
NHE] pathways. There are indications that PARP1/PARP2 and
XRCCl1 are involved in one of these alternative pathways
[91, 92]. Studies in Arabidopsis ku80 mutants suggest that in the
absence of the KU heterodimer, somatic plant cells shift to a more
error-prone end-joining mechanism, although no significant differ-
ence in repair outcomes was observed when triple mutants of 2%80,
parpl, and parp2 were tested [93].

All of these backup pathways are characterized by the presence of
small microhomologies, with a length of 1-20 bp, close to the break
site. The MME] pathway consists of five steps: resection of the DSB
ends, annealing of a microhomology region, removal of heterologous
flaps, fill-in synthesis, and ligation [94 ] (Fig. 5b). The first step of end
resection is driven by the MRN complex, the same complex which
initiates end resection during HDR [95]. The exact annealing mech-
anism for sequences with microhomologies and protein factors
involved in this process are not yet fully understood, but it is assumed
that in mammals DNA polymerase ® (POL®) plays a major role in
this step [96, 97]. Subsequently, the overhanging 3'-tails are removed
by a nuclease. In mammals, there are indications that MRE11 and
XPF-ERCCI are candidates for this nuclease activity [98]; however,
until now there are no reports regarding the involvement of their
homologs RAD1/RAD10 in plants. The following fill-in synthesis is
performed by Pol®, which seems to be the key player of MME]J.
There are several studies in higher eukaryotes supporting the promi-
nent role of POL® in MME] [99, 100], as well as involvement in the
appearance of chromosomal translocations in mice [ 101 |. Addition-
ally, POL® exhibits a RAD51 -binding motifand this binding capacity
may help to direct DSB repair to MME] and to repress the HDR
pathways [102]. The plant homolog of POL®, TEBICHI (TEB), is
involved in DNA replication, recombination, and gene expression, as
well as in DNA repair [103]. Arabidopsis teb mutants are sensitive to
MMC and MMS; indicating that TEB is involved in the repair of
inter- and intra-strand cross-links [ 104 |. Furthermore, the Arabidop-
sis teb mutant is not accessible for T-DNA integration; thus TEB is a
prerequisite for T-DNA integration into the plant genome [105].

It is possible that a knockout of cNHE] factors, like KU70 or
LIG4 in plants, can lead to a shift of the repair pattern to MME]
and therefore result in more and larger deletions. The repair pat-
terns of different NHE] repair mutants were analyzed in Drosophila
and Arabidopsis, indicating that knockouts of KU70, LIG4, or
POLO, for example, can influence the occurrence of deletions and
insertions following DSB induction [93, 106].
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The entirety of described repair mechanisms discussed so far all
result in INDELS of various sizes or an accurate restoration of the
damaged DNA region. However, an explanation for larger inser-
tions at the break site is not evident. Gorbunova and Levy obtained
relatively large insertions after DSB induction in tobacco cells, with
these inserted sequences originating from either internal regions of
transfected plasmids or tobacco genomic DNA [107]. In 1998,
Salomon and Puchta were able to demonstrate that DNA insertions
can occur during DSB repair in higher eukaryotes, while repair was
associated with a broad spectrum of unique and repetitive genomic
sequences [108].

Based on their experiments, both groups concluded that an
annealing and priming reaction seems to be involved in the forma-
tion of genomic insertions. Furthermore, it was assumed that the
DSB is processed via an illegitimate recombination pathway, based
on the SDSA model of recombination. During this SDSA-like
mechanism, the 3’ single-stranded overhang is able to invade into
a double-stranded donor and alignment takes place with only a
short patch of homology. The linkage with the original break site
can occur via ligation to a blunt end, with an annealing step
mediated by microhomologies (Fig. 6).

NHEJ-mediated gene insertion has been already achieved with
Cas9. Geisinger et al. [109] showed in human and mouse cells that
precise sequence insertion is possible after DSB induction. Further-
more, Li et al. reported site-specific insertions via NHE] after DSB
induction, using the Cas9-sgRNA system in rice [110]. Targeted
gene insertions were obtained at a frequency of 2.2% in this study.
This recently developed approach opens up new possibilities that
are promising for the field of genome engineering.

Furthermore, in 2010, Yu et al. investigated a model explaining
the occurrence of direct or inverted repeats on the basis of the
MME] pathway [106]. This synthesis-dependent MME]
(SD-MME]) model assumed that POL® is involved in the genera-
tion of template insertions, when multiple microhomologies flank
the DSB. The conclusion was drawn that direct repeats are pro-
duced by a mechanism called loop-out SD-MME] (Fig. 7a) and
that in contrast inverted repeats can be explained by snap-back
SD-MME] (Fig. 7b). Both processes result in the formation of a
repeated motif, arising from flanking sequences on both sites.
Substantial numbers of complex insertions, composed of multiple
overlapping copies of nearby sequences, were also obtained in this
experimental setup, leading to the assumption that multiple rounds
of synthesis and dissociation can occur.

Recent findings revealed that besides DSBs, adjacent SSBs can
also lead to the formation of tandem sequence duplications in
plants. Schiml et al. induced SSBs on the same and opposite DNA
strand, in different intervals and in different chromatic regions
[111]. The data indicate that opposing SSBs are highly mutagenic
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Fig. 6 SDSA-like mechanism leading to insertions. After end resection at the break site, 3’ overhangs are
produced and the single strand is able to invade into the donor molecule (green). Microhomologies (light
green) are a prerequisite for alignment with the donor sequence and a D-loop is formed, analogous to the
SDSA mechanism. Subsequently, strand displacement can occur via a second microhomology (orange) or via
blunt-end ligation. This SDSA-like repair mechanism is leading to insertions at the break site, with any
genomic sequence or ectopic DNA being used as a template

and are especially suitable for the production of mutant plants.
Furthermore, the tested intervals between the break sites prove
that a distance of 50 bps, leading to the formation of 5" overhangs,
is suitable to generate heritable mutations. In this approach, both
deletions and insertions were obtained with frequencies up to 77%
and it was shown that deletion sizes correlate with SSB distance.
Besides repair outcomes related to cNHE], deletions with flanking
microhomologies were obtained, indicating that these mutations
were formed via MMEJ-mediated repair.

The observed insertions originated directly from adjacent
sequences or from areas in close proximity, and might be explained
by a patch-mediated model for tandem duplications, based on
simultaneous base excision repair [ 112 ]. During this kind of repair,
single-stranded 5’ ends can hybridize via microhomologies and the
internal gaps are repaired by fill-in synthesis, while 5 flaps are
removed (Fig. 8a). Schiml et al. assumed that in the absence of
microhomologies at the break site, synthesis from the 3’ end and
simultaneous degradation of the 5’ end, followed by ligation via
cNHE]J, can lead to duplicated sequences (Fig. 8b) [111].
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Fig. 7 Mechanisms leading to insertions via SD-MMEJ. SD MMEJ is leading to direct or inverted repeats at the
site of a DSB. (a) For an insertion via loop-out SD-MMEJ, two pairs of short direct repeats are required, with
the first pair being located on one break side (blue) and the second pair spanning the DSB (green). Initially, the
two complementary strands are separated and the blue homology close to the break site aligns with the
second one distal to the DSB, forming a loop-out structure. Next, a template-dependent DNA polymerase is
required for elongation and the newly synthesized part forms the insertion. The loop-out structure is then
dissolved and the replicated microhomology (green) aligns with the second end of the DSB. (b) If an insertion is
created by snap-back SD-MMEJ, the DSB should be flanked by two pairs of short inverted repeats. The first
pair of microhomologies spans the DSB (yellow/orange), while the second pair is oriented in parallel (pink/
purple). The strand separation occurs via end resection or unwinding of the DNA, and hereafter the second pair
of homologies form a hairpin. Analogous to loop-out SD-MMEJ DNA, elongation is performed using a
template-dependent DNA polymerase and the newly synthesized part forms the insertion. The replicated
microhomology (orange) realigns with the other break site, resulting in an inverted repeat

In contrast, the induction of two paired SSBs on one DNA
strand led to relatively low mutation frequencies below 1%. Never-
theless, deletions were obtained correlating with the SSB position
and additionally insertions originating directly from adjacent
sequences or from areas in close proximity (20-50 bp). The forma-
tion of deletions and inversions can possibly be associated with the
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Fig. 8 Adjacent SSBs on opposite DNA strands, leading to sequence duplications. The induction of two
oppositely oriented SSBs results in a DSB with staggered ends. (@) When microhomologies (blue) are present
in between the two SSBs, unwinding of the complementary strands is followed by realignment of the distal
homology, located on both single strands. Template-dependent elongation (red) fills up the gaps, resulting in
sequence duplications. (b) Without microhomologies, unwinding of the single-stranded break ends allows for
parallel degradation of the 5’ ends (green) and polymerase-dependent synthesis from the 3’ ends (red). The
resulting blunt ends are subsequently ligated via NHEJ, resulting in sequence duplications that are indepen-
dent of microhomologies

release of the single-stranded DNA fragment in between the two
SSBs. Breakage of this single-stranded gap can end up in a DSB,
with overhanging ends that need to be processed, resulting in a
larger deletion. Furthermore, the formation of insertions may be
supported by replication slippage. It can be assumed that adjacent
SS§Bs on opposing strands are highly mutagenic, while adjacent
SSBs on the same strand are only slightly mutagenic, and both
might be relevant for plant genome evolution, when occurring
naturally.

Plant genome sizes vary between different species, but the
related molecular mechanisms of genome size evolution are still
under discussion. It is obvious that polyploidization and transpo-
sable element proliferation can lead to increased genome size
[113, 114]. Genome shrinkage can be due to a dysploid reduction
of chromosome number, a loss of entire chromosomes, as well as
transposon-mediated excision, replication slippage, and illegitimate
recombination [115, 116]. Besides these factors, recent data sug-
gest that inaccurate DSB repair may have an underestimated role in
genome size evolution. Initially, it was shown that expansion
through retrotransposon proliferation can be compensated by an
increase in DNA removal during DSB repair, in small-sized gen-
omes [117]. Thereafter, species-specific differences between Ara-
bidopsis thalinna and Nicotiana tabacum were observed for
deletions occurring during the classical NHE] pathway, and Kirik
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et al. demonstrated a positive correlation between genome size and
DSB processing via NHE] [59]. In the much larger tobacco
genome, deletions were about 30% smaller than in Arabidopsis
and were accompanied, in 50% of the cases, by the insertion of filler
sequences. The larger deletions in the latter species rarely coincided
with insertions of only a few base pairs. Such differences are
believed to originate from different exonucleolytic degradation
rates of free DSB ends before downstream processing, thus shaping
plant genomes during evolutionary timescales [60, 118]. In addi-
tion, the data of Vu et al. showed significant differences in DSB
repair outcomes between Arabidopsis and barley [58]. Larger dele-
tions were obtained on average for Arabidopsis and the proportion
of mutated reads, containing a large deletion, was significantly
higher in Arabidopsis than in barley. Furthermore, Vu et al. found
strong distinctions between the proportion of insertions [58]. In
Arabidopsis, only 5.3% of imprecisely repaired sequences showed
insertions, as compared to 22.9% insertions in barley. Therefore,
inaccurate DSB repair and repair of adjacent SSBs can be a signifi-
cant source of genome variation and is involved in eukaryotic
genome shaping.

4 Genomic Modifications

Combining the knowledge about DNA repair and the specific
induction of DSBs using programmable site-specific nucleases pro-
vides a powerful tool for successful genome engineering. Synthetic
nucleases are able to induce one or more DSBs at defined loci,
predominantly repaired via NHE]. As NHE] is mostly error-prone,
this allows for performing highly specific gene knockouts. Unfor-
tunately, the outcome of NHE] mediated repair can hardly be
predicted. A study in human cell culture analyzing DNA repair
profiles of hundreds of target sites of Cas9 indicates that repair
outcomes are rather determined by the protospacer sequence than
the genomic context [119]. In contrast, Vu et al. analyzed the
mutation spectra after break induction via Cas9, at three selected
endogenous loci, and concluded that the sequence context in close
vicinity to the break has an impact on the used repair pathway and
thus on repair outcomes [49]. Therefore, it remains to be eluci-
dated as to how DSBs are repaired in a specific sequence context
around the break site and how these different repair outcomes can
be explained.

To bring matters to a head in the field of genome engineering,
synthetic nucleases, and especially the Cas9/Cpfl endonucleases,
allow for the induction of more than one break, simultaneously.
Therefore, a combination of the respective Cas9,/Cpfl nucleases
with multiple spacer sequences and their suitable (s)gRNA
sequences is needed for multiplexing [120-124]. Usually, the
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repair of more than one DSB at a time is catalyzed by mechanisms
that keep broken ends in close proximity, to reduce the risk of
chromosomal aberrations [125]. As these mechanisms are not
always accurate, it is possible that two originally not-associated
DNA strands align, resulting in deletions, inversions, or transloca-
tions. Whole-genome alignments of the two Arabidopsis ecotypes,
Columbin (Col-0) and Landsbery erecta (Ler-1), showed that there
are several inversions and inter- and intrachromosomal transposi-
tions, which occurred naturally in those Brassicacene genomes
[126]. For this reason, it is possible that a low number of break
sites results in the alignment of unequal strands when several breaks
are induced within the genome. When two DSBs are induced
within close proximity, in plants, the part between the two breaks
can be deleted from the genome [47, 127-129] (Fig. 9a). In
particular, deletions smaller than 100 bp can be induced easily;
however it was also shown that deletions up to 245 kb can occur
at a low frequency in Arabidopsis and rice [130, 131]. This allows
for the deletion of whole genes as opposed to mutating only single
bases or functional domains. To achieve a controlled deletion,
different repair reactions need to be considered. The direct way is
to join the broken ends via cNHE], leading to a more or less precise
elimination of the part in between. Alternatively, when (micro-)
homologies are present, the alignment of the break sites is mediated
by MME] or SSA repair factors; thus it is possible to obtain addi-
tional deletions at the junction site. Besides the targeted deletion,
two break sites can provide a basis for a flip of the flanked fragment
and the integration in an inverted orientation (Fig. 9b). In Arabi-
dopsis, there is a 2.1 Mbp heterochromatic Knob (hk4S) region and
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Fig. 9 Induction of genomic rearrangements using synthetic nucleases. Applications of genome engineering by
the induction of several breaks at a time can lead to the formation of chromosomal rearrangements. When two
breaks are induced in relative close proximity on the same chromosome arm, a deletion (a) or inversion (b) of
the internal part can occur. (¢) Furthermore, break induction can take place on different chromosomes, leading
to an exchange of chromosome parts. (d) In the case of a simultaneous induction of four DSBs (two on each
chromosome), an exchange of sequences between different chromosomes is feasible
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it is postulated that this originates from an inversion event that
moved DNA sequences from the pericentromere to a more distal
position in the euchromatin [ 132 ]. Targeted inversions induced by
7ZFNs and Cas9 were shown in mammalian cells, as well as in
Arabidopsis [133-135]. Furthermore, besides break induction on
the same chromosome arm, it is possible to induce several breaks on
different chromosome arms, to exchange sequences within a plant
genome (Fig. 9¢). Formation of a DSB-induced translocation has
been demonstrated in tobacco, using the homing endonuclease
I-Scel, in which two previously unlinked broken ends were rejoined
via NHEJ or SSA [136]. Interestingly, there is a study in mamma-
lian cell lines showing an increase in translocation frequency when
cells are lacking KU70, and being even higher it KU70 and POL®
are mutated [96]. The induction of at least four breaks allows for
the exchange of chromosomal segments. For this purpose, in each
case, two DSBs should be induced on both ends containing the
target sequence to be exchanged (Fig. 9d). Gene replacements,
involving an incoming T-DNA, were performed using ZFNs in
plant cells [ 137]. There are several studies investigating gene repla-
cements with the aid of homology arms [138-140]; however, this
technology is even more attractive if this can occur by NHE] and
thus without the use of existing homologies as shown for
rice [110].

Taken together, the current understanding of DSB repair in
plants, combined with the tremendous possibilities provided by the
increasingly available site-specific and adaptable nucleases, allows
for unprecedented progress in plant genome engineering and thus
provides the tool for a new green revolution, with significant prog-
ress in plant breeding technologies. The following book chapters
will provide a more in-depth insight into the molecular tools to be
applied in state-of-the-art genome engineering approaches.
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