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Review
Gene targeting is a powerful tool for functional gene
studies. However, only a handful of reports have been
published describing the successful targeting of genome
sequences in model and crop plants. Gene targeting can
be stimulated by induction of double-strand breaks at
specific genomic sites. The expression of zinc finger
nucleases (ZFNs) can induce genomic double-strand
breaks. Indeed, ZFNs have been used to drive the repla-
cement of native DNA sequences with foreign DNA
molecules, to mediate the integration of the targeted
transgene into native genome sequences, to stimulate
the repair of defective transgenes, and as site-specific
mutagens in model and crop plant species. This review
introduces the principles underlying the use of ZFNs for
genome editing, with an emphasis on their recent use for
plant research and biotechnology.

Gene targeting in plants: a brief overview
Gene targeting (GT) is one of the most sought after tech-
nologies for plant research and biotechnology [1–4]. From a
broader perspective, GT can be viewed as any method that
can lead to permanent site-specific modification of the
plant genome (or the genome of any other species). Devel-
oping reliable, efficient and reproducible tools for GT in
plant species will have a profound impact on basic plant
research and biotechnology because it will potentially
accelerate the rate of functional gene analysis and the
introduction of novel traits into commercially important
crop plants. In the late 1970 s, GT was developed as a
powerful tool for functional genetic studies in the budding
yeast Saccharomyces cerevisiae [5], and was later adapted
for various other model organisms and cell lines, including
Drosophila, various fungal species, mouse embryonic stem
cells and human cell lines [6–11]. GT in yeast (and in
principle, also in other species, including plants) is made
possible by homologous recombination (HR) between a
foreign transforming (donor) DNAmolecule and a partially
homologous sequence on the chromosomal (target) DNA of
the target cell (reviewed in Refs [1–3,12]). Nevertheless,
the implementation of HR-based GT technology, which
relies not only on the design of the donor DNA molecule,
but also on the DNA-repair machinery of the target cell,
has been difficult, if not impossible, to achieve in plant
species because DNA repair is typically effected by non-
homologous end joining (NHEJ) and not by HR [13,14].
Indeed, most foreign DNA molecules, which are often
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delivered by Agrobacterium-mediated genetic transform-
ation [15] into plant cells, and are most likely to integrate
via NHEJ [16–18], are destined to random rather than
site-specific integration.

The fact that plants often incorporate foreign DNA
using the NHEJ rather than the HR DNA-repair pathway
poses a biological barrier to the development of reprodu-
cible and practical tools for efficient recombination be-
tween donor and target DNA in plant cells [13]. Efforts
have been made to develop methods for GT by either
enhancing the rate of HR in plant cells by modifying the
plant DNA-repair machinery (e.g. Refs [19–21]), or by
devising novel selection schemes for the detection and
recovery of the rare HR-dependent GT events in plant cells
(e.g. Refs [22–24]). Although these reports showed thatHR-
dependent GT inmodel and crop plants is feasible, we have
yet to witness the widespread application of such methods
with other genes, or other model species and crop plants.

HR-dependent GT can potentially be enhanced by the
induction of genomic double-strand breaks (DSBs) in the
target cell genome. Expression of naturally occurring rare-
cutting restriction enzymes such as I-SceI can induce HR-
mediated repair and/or targeting of donor DNA molecules
in transgenic plants previously engineered to carry sites
for the corresponding rare cutters [25–27]. Moreover, stu-
dies have shown that DSBs induced by rare-cutting restric-
tion enzymes can also be repaired via NHEJ, leading to
site-specific mutagenesis and the trapping of foreign DNA
molecules that share no homology to with the target site
[28–30]. Key to the development of DSB-dependent GT
technologies in plant cells (or in any species) is the de-
velopment of novel rare-cutting restriction enzymes
capable of inducing genomic DSBs at specific genomic
locations. One such class of enzymes are the ZFNs –

synthetic restriction enzymes that can be specifically
designed to cleave virtually any long stretch of double-
stranded DNA sequence (for recent reviews reports see
Refs [31–33]). A great deal of effort has been invested in
introducing ZFNs as a tool for GT in whole animals and in
cell lines, and novel ZFNs have been successfully used for
GT experiments in Drosophila [34], Xenopus [35], Caenor-
habditis elegans [36], zebrafish [37] and human cell lines
[38], among others. ZFN-mediated GT in whole animals,
animal cell lines and human cell lines, leads to a variety of
outcomes, among them the precise correction of endogen-
ous and artificial genes [38], site-specific mutagenesis [34],
gene disruption [37,39], targeted gene addition [40], and
even targeting of mitochondrial DNA [41]. By contrast, the
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use of ZFN technology for plant research and biotechnology
has been limited. Nevertheless, several key publications
have demonstrated the power of ZFNs as a novel tool for
genome editing in model and crop plants [42–49]. In this
review, we introduce the reader to key reports describing
successful GT experiments in plants, while discussing the
novel strategies and selection methods deployed in these
studies. We next shift our discussion to ZFNs and their use
as a novel tool for GT in plants. Methods for the construc-
tion of novel ZFNs, assays for their validation in plant cells,
and examples of their use for genome editing in model and
crop plants are presented.

Homologous recombination-based gene targeting in
plants
Various reports have been published during the past two
decades on the harnessing of the HR DNA-repair machin-
ery to achieve GT events in plants. In a pioneering work
[50], a selection- marker gene repair strategy was used to
demonstrate the possibility of obtaining transgenic plants
with site-specific modifications of their genome. Trans-
genic tobacco (Nicotiana tabacum) plants were produced
that carried a truncated, non-functional, bacterial
APH(30)II gene (coding for neomycin phosphotransferase).
Retransformation of these plants with a linearized plas-
mid construct carrying complementing parts of the trun-
cated selection gene and regions of homology to the target
sequence led to HR-mediated restoration of the mutated
APH(30)II, which was monitored by regeneration of kana-
mycin-resistant plant cells. The GT frequency, estimated
relative to random integration of a fully functional
APH(30)II gene, was 0.5 � 10�4 to 4.2 � 10�4, significantly
lower than the frequency of 10�2 or more that had been
reported forHR-mediatedGT in embryonic stem cells [51].
Reconstruction of a defective selection marker in trans-
genic plants by HR was later used to investigate the
suitability of transferred DNA (T-DNA) molecules (which
are delivered into plant cells during Agrobacterium-
mediated genetic transformation, [15] as a substrate for
HR-mediated GT in tobacco plants [52]. Here too, the
estimated GT frequency was relatively low, in the order
of 10�4. Comparably low GT frequencies were also
reported when a different selection marker [a mutated
hygromycin phosphotransferase gene (hpt)] and a differ-
ent plant species (Arabidopsis thaliana) were used in
direct DNA transfer experiments [53], which indicated
that the nature of the target gene and the transformation
method might not affect the rate of GT frequency in these
model plants.

Selection-based methods were not confined to targeting
a mutated transgene; they were also used to target the
genes coding for ALS (acetolactate synthase) in tobacco
[54]. There are two ALS-encoding genes in tobacco (SurA
and SurB), and previous data have shown that a single
amino acid change in either one of these proteins results in
resistance to the herbicide chlorsulfuron [55]. In the study
[54], T-DNA molecules encoding a mutated ALS coding
sequence were used to demonstrate that it was feasible to
obtain HR-mediated GT events, as determined by recovery
of chlorsulfuron-resistant tissue, at a rate of 8.4 � 10�5 in
tobacco cells.
Disruption of other native sequences that could not be
directly selected by resistance to selection agents was also
reported [56]. In this study, the TGA3 [a basic leucine
zipper (bZIP)-like transcription factor] locus was targeted
in Arabidopsis plants. For their GT experiments, the
authors developed a vector in which a neo selection gene
was flanked by two genomic regions of the TGA3 locus.
Replacement of the bZIP region of TGA3 could potentially
be detected by regeneration of kanamycin-resistant cal-
luses from Agrobacterium-infected Arabidopsis roots.
However, kanamycin-resistant calluses could also be
obtained following random integration of the GT vector.
To distinguish between GT and ectopic insertions, the
authors included a GUS-encoding gene outside the region
of homology. More than 2500 kanamycin-resistant calluses
were produced, leading to the recovery of a single callus
line with a confirmed GT event, which demonstrated the
feasibility of targeting non-selectable loci in plants. The
disruption of another native sequence (the AGL5 MADS-
box gene) in Arabidopsis soon followed, this time with the
regeneration of a whole mutant plant [57]. Here again, the
use of a kanamycin-resistance gene, flanked by regions of
homology to the target locus, proved useful for producing
transgenic plants with a targeted AGL5. The authors
identified a single mutant by PCR-based screening of
750 kanamycin-resistant lines that had been obtained by
the flower-dip transformationmethod. The exact frequency
of this HR-mediated GT was not determined. Mutant
Arabidopsis lines were also obtained by targeting the gene
encoding protoporphyrinogen oxidase [58], and mutant
rice (Oryza sativa) plants were obtained by replacing the
ALS-encoding gene with a novel mutant form, rendering
them resistant to bispyribac [59]. These studies and sev-
eral others (e.g. Refs. [60–62]) indicated that the overall
range of HR-dependent GT frequency in plant cells is
between 10�7 and 10�5, which is extremely low in terms
of obtaining reliable and reproducible targeting in model
plants, and probably also in crop plants (for further read-
ing, see Refs [3,13,63–66]).

Homologous recombination enhancement and strong
selection
Two main approaches have been proposed to address the
relatively low and variable frequency of HR-dependent GT
in plants: modulating the DNA-repair machinery and
applying novel and strong selection schemes. The first
approach, which was probably inspired by the high effi-
ciency of HR-mediated GT in bacterial and yeast cells, was
to modulate plant DNA-repair machinery by expressing
heterologous genes ormodulating plant DNA-repair genes.
In a pioneering work [19], overexpression of RecA (a key
recombination gene from Escherichia coli) in transgenic
tobacco plants was reported to stimulate sister chromatid
exchange. Nevertheless, RecA overexpression did not
result in significant enhancement of GT in transgenic
plants. Similarly, overexpression of RuvC (a protein
involved in resolving Holliday junctions in E. coli)
increased somatic crossovers between genomic sequences,
intrachromosomal recombination and extrachromosomal
recombination in transgenic plants [67]; whether RuvC
can be used to enhance GT in plant cells remains to be
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determined. More promising results were obtained by
overexpressing RAD54 from yeast (a member of a yeast
superfamily of chromatin-remodeling genes) in Arabidop-
sis plants [21]. Using a unique seed-based GT assay in
which GFP fusion protein is activated upon HR-dependent
GT of the Arabidopsis seed-expressed cruciferin gene, an
up to two orders of magnitude increase in HR-dependent
GT frequency (up to 10�1) was observed in RAD54-trans-
genic Arabidopsis [21]. This impressive increase in
HR-dependent T-DNA integration resulted in the pro-
duction of an extremely large number of targeted plants
(>550 independent lines) and greatly improved the pro-
spects of using heterologous genes as a means of achieving
efficient GT in plants [21].

The plant DNA-repair machinery can also bemodulated
by silencing or overexpressing native plant genes. Indeed,
several reports have shown that DNA-repair mutants and
transgenic plants exhibit altered DNA repair and main-
tenance responses. These include, for example, decreased
intrachromosomal HR in MIM mutant plants [which are
hypersensitive to methyl methanesulfonate (MMS),
irradiation and mitomycin C] [68], increased intrachromo-
somal HR in MIM-overexpressing plants [20] and
increased levels of intrachromosomal HR in rad50 [69]
and chromatin assembly factor 1 (CAF-1) [70] mutants.
Nevertheless, whether knocking down or overexpressing
these proteins and others will enhance GT in plant species
still needs to be examined.

The second approach developed to cope with the low
natural frequency of GT by HRwas to use strong and novel
positive–negative methods for selection of the rare GT
events. The positive–negative selection approach was
originally developed for research using mouse embryo-
derived stem cells as a useful strategy for enhancing the
selection of mutants in non-selectable genes [71]. In a
positive–negative GT vector, a positive selection marker
[e.g. neomycin phosphotransferase II (nptII) or hpt] is
flanked by two regions of homology to the target gene,
and copies of a negative selection marker (e.g. codA or DT-
A) are placed outside the targeting sequence. Applying
positive selection allows the detection of both random
and GT events, whereas negative selection eliminates
the random integration events. A positive–negative selec-
tion scheme, using a combination of nptII and codA, was
first used in an attempt to target theGln1 and Pzf genes in
Lotus japonicus [72]. The authors developed a series of GT
vectors and used them to obtain 185 5-fluorocytosine-
resistant calluses from a total of 18,974 primary trans-
formation events. Although they paved the way for the use
of the positive–negative strategy for GT in plants, the
authors did not provide conclusive evidence of the success
of GT events among the 5-fluorocytosine-resistant calluses.
In another report, the authors [73] attempted to target the
chalcone synthase (CHS) encoding gene and an artificial
htp gene in Arabidopsis cell suspension culture by using a
positive–negative GT vector in which a single codA was
placed next to the T-DNA right border region. Here too, the
authors obtained many doubly selected calluses (4379
obtained from 109,475 primary transformants), but no
detectable GT events. The high proportion of doubly
selected calluses was attributed to deletions of the right-
310
border region of the T-DNA molecule, suggesting that re-
engineering the GT vector might assist in overcoming the
possible problem of T-DNA truncation during integration.

The first successful report on the use of a positive–

negative GT vector for GT in plants involved targeting
of the alcohol dehydrogenase (ADH) encoding gene in
Arabidopsis root culture [74]. Of 6250 transformants, 39
surviving calluses were obtained and a single transgenic
line with an ectopic targeted ADH was recovered [74]. The
positive–negative strategy has proven useful for HR-de-
pendent GT in rice: Waxy and Adh2 genes were targeted
using hpt and DT-A [22,23,75]. Several fertile mutant rice
plants that were heterozygous at the targeted locus were
obtained, and in a recent report, a positive–negative
strategy was used for the production of rice plants with
knock-in targeting of a methyltransferase (MET1a) encod-
ing gene [24]. Thus, not only do these reports [22–24,74,75]
demonstrate that a positive–negative strategy can be used
to select for and regenerate transgenic plants with targeted
genes, but they also show that this technology can be
applied to a crop plant and for the production of mutant
lines with true GT events. Nevertheless, although progress
has beenmade in harnessing heterologous genes and novel
selection schemes to obtain GT in model and crop plants,
genome engineering in plant species remains challenging
[3,4,13,63–66,76]. The recent progress made in the use of
ZFNs as a tool for inducing DSBs in genomes of animal
cells, including human cells, could provide not just an
alternative, but also a means complementary to the
above-described methods for achieving GT in plant cells.

Enhancement of gene targeting by genomic double-
strand breaks
Induction of DSBs at specific genomic locations has been
shown to stimulate HR-dependent repair in a wide range of
animal and plant species (reviewed in Refs [4,77,78]).
Studies have shown that induction of DSBs by X-ray
[79] or by excision of transposable elements [80] can greatly
enhance intrachromosomalHR in plant cells. DSBs, and by
implication the enhancement of HR, can also be induced by
expressing naturally occurring rare-cutting endonu-
cleases. Expression of HO and I-SceI endonucleases, for
example, has been shown to enhance intrachromosomal
HR in tobacco and Arabidopsis plants [26,81,82]. Further-
more, expression of I-SceI has been shown to increase
extrachromosomal HR by up to 100-fold in plants [83]
and by >1000-fold in mammalian and human cells and
embryonic stem cells [84–86]. However, DSBs induced by
rare-cutting endonucleases, transposable elements and
other means are often repaired by NHEJ [13,77] which,
in the absence of regions of homology, might lead to site-
specific mutagenesis [28]. Furthermore, both I-SceI- and I-
CeuI-induced DSBs have led to NHEJ-mediated integ-
ration of foreign DNA molecules into the break sites
[28–30].

The potential of using rare-cutting endonucleases as
a tool for NHEJ-mediated site-specific integration and
targeted mutagenesis and for increasing the rate of HR-
mediated gene replacement in plants is clear [78,87].
Nevertheless, the limited number of naturally occurring
rare-cutting endonucleases and the difficulties involved in
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reengineering these enzymes for novel DNA-target speci-
ficities [87] greatly limit their use for GT experiments in
plants (as well as in other species). ZFNs, which are novel
rare-cutting restriction enzymes, could provide a viable
alternative to rare-cutting endonucleases for genome edit-
ing in plant cells. Indeed, ZFNs have been successfully
used for gene replacement and targeted mutagenesis in
both scientifically important model plants and economi-
cally important crop plants, as we describe below.

Zinc finger nucleases: structure, design and assembly
ZFNs are synthetic restriction enzymes that can be specifi-
cally designed to cleave virtually any long stretch of
double-stranded DNA sequence (for recent reports see Refs
[31–33]). A generic ZFN monomer is made by fusing two
domains: an artificially prepared Cys2-His2 zinc finger
domain and the non-specific DNA cleavage domain of
the FokI DNA restriction enzyme. Dimerization of the FokI
domain is crucial for its enzymatic activity. Thus, digestion
of target DNA can be achieved when two ZFN monomers
bind to their respective DNA target sequences and prop-
erly align with each other in reverse configuration. The two
ZFN monomers are typically designed such that they will
flank a 5- to 6-bp-long sequence within the DNA target
sequence, allowing the FokI dimer to digest within that
spacer sequence. A typical zinc finger domain is composed
of 3–4 individual fingers, each capable of recognizing an
approximately 3-bp-long sequence. Thus, a heterodimer
ZFN, composed of two 9-bp-long DNA-binding domains,
will recognize a �24-bp target sequence that, statistically,
will compose a unique site in the Arabidopsis genome (and
in those of other organisms as well).

Several methods have been described in the literature
for the construction of novel ZFNs (reviewed in Refs [88–

90]). In the ‘modular assembly’ method, for example, ZFN
DNA-binding domains are assembled from a collection of
zinc fingers with known DNA-binding specificities. Several
web-based tools [91,92] and archives of zinc finger modules
[93–98] have been developed to facilitate the design and
assembly of novel ZFNs by this method. Other methods
rely on combining the assembly of large random multi-
finger libraries with specific screening methods (e.g. phage
display) for the detection and isolation of specific DNA-
binding domains [99–101]. ZFNs have also been developed
by companies (Sangamo BioSciences, www.sangamo.com),
and vectors containing corresponding DNA can be pur-
chased (Sigma-Aldrich1; www.sigmaaldrich.com) [89].
More recently, theOligomerized Pool ENgineering (OPEN)
strategy, which involves a collection of zinc finger pools and
an in vivo-based selection method, has been developed
as a simple and robust ‘open source’ alternative to the
abovementioned methods [45].

Validating and monitoring zinc finger nuclease activity
in living cells
Regardless of the method selected for the design and
assembly of novel ZFNs, their activity needs to be properly
validated and monitored before they are used for GT
experiments in target organisms [45,102]. Several assays
have been developed to assess the binding and/or digestion
activity of novel ZFNs in vitro and in vivo, which are then
used in GT experiments in plants and other species. In one
assay, for example, a modified in vitro transcription–trans-
lation assay and crude protein extracts were used to study
the cleavage properties of novel ZFNs [103]. To facilitate
the use of their assay, the authors [103] designed protein
expression vectors that were suitable for the construction
of zinc finger protein-FokI fusions in a single cloning step
and used them in conjunction with pUC18 vectors carrying
the ZFN target sites as substrates for the in vitro digestion
assay. The authors used their assay to demonstrate that
only specific pairs of ZFNs, and not single monomers, are
capable of digesting their corresponding target sequences.

In a different approach, newly assembled zinc finger
proteins were validated using a bacterial two-hybrid repor-
ter assay. The assay was part of an extensive set of
reagents and protocols developed for the engineering of
ZFNs by modular assembly [98]. In their bacterial two-
hybrid reporter assay, the binding activity of a newly
assembled zinc finger protein can be measured by acti-
vation of a lacZ reporter gene in live bacterial cells follow-
ing co-expression of a zinc finger protein-Gal11P and
alpha-Gal4 fusion proteins. Here again, the authors devel-
oped a comprehensive set of vectors that facilitated the
modular assembly of novel zinc finger proteins and the
construction of bacterial two-hybrid expression vectors.
The authors also developed a set of cloning vectors suitable
for the construction of plant and animal ZFN expression
vectors from bacterial two-hybrid expression vectors,
which are expected to facilitate the use of the validated
enzymes in actual targeting experiments.

In a more direct approach to measuring ZFN digestion
activity in living cells a gfpGT repair assay was developed
[85]. In this assay, a mutated gfp gene was first integrated
into ahumanembryonic cell line andwas then repaired via
HR by co-delivery of a ZFN expression plasmid and a gfp
repair construct. A chromosomal reporter repair system
was also developed in yeast, where the intrachromosomal
HR-based repair of a chromosomally embedded disrupted
alpha galactosidase encoding yeast gene (MEL1) could be
detected upon transient expression of ZFNs in living yeast
cells [39]. This assay was later modified to allow the
detection of ZFN- and HR-dependent GT in yeast by
activation of a mutated lacZ reporter gene [44]. The gfp
and MEL1 repair assays were successfully used for the
initial assessment of ZFNs developed by Sangamo
BioSciences targeting the inositol-1,3,4,5,6-pentakispho-
sphate 2-kinase (IPK)-encoding gene (IPK1) in maize (Zea
mays) plants [49], and the lacZ repair assay was instru-
mental for analysis of ZFNs developed for targeting the
ALS-encoding genes (SuRA and SuRB) in tobacco using
the OPEN system [44]. These experiments indicated that
non-plant-based assays can be useful for functional
analysis of ZFNs destined for use in GT experiments in
plant cells. Nevertheless, expanding the use of ZFN tech-
nology for GT to a wide range of plant species that differ in
the tissues or organs used for transformation and in their
transformation efficiencies could be greatly enhanced by
plant-specific assays for ZFN validation and analysis.
Indeed, three reporter-repair-based assays (Figure 1)
have been developed to measure and assess the activity
of ZFNs in model plant species [42,46,48].
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Figure 1. Recombination and transgene-repair assays for the validation and monitoring of zinc finger nuclease (ZFN) activity in plant cells. (a) Selectable and screenable

transgene-repair assay. ZFN activity is monitored by reconstructing a non-functional gus::nptII translational fusion that is missing sections of the GUS and NPTII coding

sequences. Target cells are transfected with a donor DNA molecule, and HR-dependent repair of the gus::nptII-defective locus gives rise to GUS-expressing and kanamycin-

resistant cells. (b) Selectable or screenable transgene-repair assay. In this dual-function assay, ZFN1 activity is monitored by GFP expression, which is restored upon

recombination between two repeating parts of a disrupted gfp coding sequence. ZFN2 activity is monitored by bialaphos resistance upon HR-mediated complementation of

the 30-fragment of the pat gene by donor DNA that carries the 50-fragment of the pat gene and regions of homology to the transgene. (c) Screenable transgene-repair assay.

ZFN activity is monitored by reconstruction of a disrupted gus gene by non-homologous end joining (NHEJ)-mediated mutagenesis of a premature stop codon that was

engineered within the ZFN target site (ZFN-TS). Assays are described in Refs [42,46,48].

Review Trends in Plant Science Vol.15 No.6
In the first assay (Figure 1a) designed to enable the use
of both screenable and selectable phenotypes to measure
ZFN-mediatedHR in plant cells, a gus::nptII fusionmarker
gene, which upon expression in plant cells confers resist-
ance to kanamycin and expression of the GUS visual
312
reporter gene, was used [46]. The GUS::NPTII fusion
marker was rendered non-functional by deleting parts of
the GUS and NPTII coding sequences and replacing the
deleted part with a recognition site to the Zif268 ZFN [104].
A donor DNAmolecule, suitable for HR-mediated repair of
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the mutated gus:nptII, was also produced. The donor DNA
was identical to a long stretch of DNA on the target
sequence, and contained the missing part of the mutated
gus:nptII sequence (Figure 1a). Transgenic tobacco plants
carrying themutated gus:nptIIwere produced. Protoplasts
from these transgenic plants were electroporated with the
donor DNA together with a second DNAmolecule carrying
a Zif268 ZFN-expression cassette. HR-mediated repair of
the mutated gus:nptII could be measured following the
regeneration of kanamycin-resistant and GUS-expressing
calluses from the transfected protoplasts. This assay has
been useful for estimating the overall GT frequency in
several transgenic plants and allows the regeneration of
mutant plants from mutated calluses, as described further
on. The simplicity of this assay enables its potential use for
analysis of ZFN activity in any system that is amenable to
co-transformation and regeneration of transgenic tissues.

In a slightly different strategy a second, intrachromo-
somal reporter gene correction assay (Figure 1b) was
developed for validating ZFN activity in the tobacco BY2
cell line [48]. In their assay, the authors constructed a
vector that carried two fragments of the gfp coding
sequence separated by a large heterologous DNA carrying
a semi-palindromic ZFN-recognition site. Tandem repeats
within the fragmented gfp coding sequences served as the
substrate for intrachromosomal HR upon digestion of the
spacer DNA by ZFNs (e.g. ZFN-1, Figure 1b). Transgenic
BY2 cells carrying the gfp-repair construct were produced
and green fluorescent foci could be observed upon retrans-
formation of these cells with the ZFN-expressing con-
structs. PCR analysis of gfp-expressing tissues indicated
that the disrupted gfp gene had indeed been corrected by
HR-directed repair. The same gfp-repair construct also
contained two additional identical ZFN sites (e.g. ZFN-2,
Figure 1b), which flanked the entire disrupted gfp cassette
and the 30-end of the selectable marker phosphinothricin
N-acetyltransferase (pat). This design enabled not only the
monitoring of the intrachromosomal recombinations, but
also the detection of HR-mediated site-specific integration
following removal of the entire gfp construct, as described
further on. An advantage of this assay is that it relies on
intrachromosomal recombination and thus requires only
the delivery of the ZFN-expression vector without the need
for a donor DNA to assess the activity of novel ZFNs.

A third reporter gene correction assay that relies on the
error-prone NHEJ repair pathway of plants was recently
developed for use in plant cells [42]. In this assay, a
mutated gus gene is engineered to carry a stop codon
within the spacer of a ZFN target site (Figure 1c), leading
to premature termination of translation of the reporter
gene in plant cells. Digestion and misrepair of the DSBs by
the NHEJ repair pathway could lead to deletion and/or
mutation of the stop codon and reconstruction of the gus
open reading frame. Indeed, co-delivery of the mutated
gus-expression cassette with a ZFN-expression cassette
from a single T-DNA molecule led to GUS expression in
transiently infected tobacco leaves. One advantage of this
assay is that it does not require the regeneration of trans-
genic tissues and thus can potentially be applied to every
plant species that is amenable to Agrobacterium-mediated
transient transformation. In addition, it relies on the use of
the GUS reporter gene, which is sensitive and useful for
monitoring gene expression in a wide number of plant
species [105,106]. However, the digestion of T-DNA mol-
ecules might not correspond to the ability of ZFNs to target
genomically embedded sequences. A second assay was
therefore developed in which the mutated gus gene is first
used in stable transformation and regeneration of trans-
genic tobacco calluses, and successive infection of the
transgenic tissues with the ZFN-expression cassette then
enables ZFN activity to be evaluated against integrated
DNA molecules [42].

Building the components of the mutated gus reporter
repair assay into a flexible and versatile plant-transform-
ation assembly system [107] enabled its use to be expanded
to include analysis of ZFN activity in whole plants [42].
Transformation vectors were constructed to carry two
constitutive expression cassettes for the mutated gus
reporter and the plant selection gene and a third, heat-
shock-inducible ZFN-expression cassette. Transgenic Ara-
bidopsis plants carrying all three independent cassettes
were produced and their induction by heat shock allowed
the detection of ZFN activity in different organs and devel-
opmental stages [42]. It also allowed the recovery of
mutated Arabidopsis seedlings as we describe further
on. The ability to customize the above described whole
plant mutated GUS repair assay with different promoters
and inducible systems should potentially facilitate its use
for analyzing ZFN activity in other model and crop plants.

Relying on the error-prone NHEJ repair pathway as a
tool for evaluating ZFN activity in living cells was also
instrumental during the development of theOPEN system,
where disruption of a chromosomally embedded egfp gene
was used to evaluate the activity of several ZFNs by
monitoring decreases in EGFP expression in human cell
cultures [45]. Monitoring ZFN-mediated mutagenesis by
NHEJ can also be achieved by direct molecular analysis.
The CEL 1 nuclease mismatch assay, for example
(Figure 2a), allows the detection of NHEJ-mediated mis-
repaired alleles and has been used to analyze the various
ZFNs used in GT experiments in animal cells, including
human cell lines [45,108–110].

Direct molecular analysis was also used in the pio-
neered study on targeted mutagenesis using ZFNs in
Arabidopsis [47]. The authors devised a strategy to detect
ZFN-mediated mutations within an artificial target site
that was incorporated into the genome of Arabidopsis
plants. To this end, the authors incorporated an EcoRI-
recognition site into the ZFN target site that allowed
enriching for plant DNA molecules lacking this site by
digestion of total plant DNA with EcoRI before its analysis
by PCR and DNA sequencing (Figure 2b). This is a power-
ful method for manual selection of putative mutated Ara-
bidopsis plants and for estimating the overall efficiency of
ZFN-mediated targeted mutagenesis in this model plant
[47]. A similar strategy was also used to detect single-
nucleotide changes that could be responsible for reactivat-
ing GUS expression in the mutated gus reporter repair
assay [42].

High-throughput sequencing technologies have also
been used as a tool for rapid measurement of ZFN activity
in large populations of plant cells. Pyrosequencing was
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Figure 2. Molecular assays for validating and monitoring zinc finger nuclease (ZFN) activity in living cells. (a) CEL I endonuclease assay. ZFN activity is detected by PCR

amplification of ZFN-treated plant cells and detection of wild-type::mutant hybrid DNA molecules by CEL I digestion. (b) Detection of fragment polymorphism by PCR

amplification of digested ZFN-treated plant DNA. In this assay, ZFN activity is detected by PCR amplification of EcoRI-digested total DNA, and cloning and sequencing of

EcoRI-insensitive products that arise from elimination or disruption of the EcoRI site, which was engineered within the ZFN target site (ZFN-TS). Assays are described in

Refs [45,47].
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used to analyze the functionality of several ZFNs that were
developed to target the SuRB and SuRA genes in tobacco
[44]. Tobacco protoplasts were infected with ZFN-expres-
sion constructs, pooled together, and theirSuRB andSuRA
genes were PCR-amplified and pyrosequenced. Because
NHEJ-mediated repair of DSBs often results in insertions
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and/or deletions at the break site, size polymorphism could
be detected in the sequencing results. The authors [44]
used this technique to compare the targeting efficiency of
ZFN pairs that were designed by modular assembly and by
the OPEN system, and to select ZFNs that would later be
used for HR-dependent co-targeting of the two SuR genes
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in tobacco, as described further on. Pyrosequencing was
also used to validate the activity of ZFNs (which were
previously assayed by the mammalian GFP repair assay
[85] and the yeastMEL1 gene repair assay [39]) in cultured
maize cells [49]. Taken together, the above tools and
assays, as well as the construction and validation services
provided by some companies (e.g. Sigma-Aldrich), could
potentially facilitate the construction and validation of
novel ZFNs for GT experiments in different model and
crop plants.

Plant genome editing by zinc finger nucleases
Different strategies can potentially be used when using
ZFNs to modify the genome of plant species. Targeting a
given native genome sequence (which is not typically
composed of a palindrome-like sequence) requires the
delivery and expression of at least two ZFN monomers
in the same cell (Figure 3). ZFN expression can lead not
only to site-specific mutagenesis, but also to gene stacking
and/or gene replacement, depending on the presence and
structure of the donor DNA and the plant DNA-repair
machinery (Figure 3). The use of ZFNs as site-specific
mutagens was initially tested in transgenic Arabidopsis
plants which were engineered to carry a semi-palindromic
target site for a well-defined QQR ZFN [35,47]. Expression
of the QQR coding sequence was controlled by a heat-shock
promoter and site-specific mutagenesis was monitored by
PCR (Figure 2b). The controlled expression of the QQR
ZFN by heat induction enabled restricting its expression to
specific developmental stages in the transgenic Arabidop-
sis plants. Ten-day-old T2 plants from single-locus lines
were heat-shocked and analyzed for the presence, type and
transmission of QQR-induced mutations. PCR amplifica-
tion of EcoRI-digested DNA from the heat-shocked plants
revealed that QQR did indeed induce site-specific
mutations within its target site. By calculating the number
of DNA molecules with disrupted EcoRI that were ampli-
Figure 3. Strategies for zinc finger nuclease (ZFN)-mediated gene targeting (GT) in plan

strand breaks (DSBs) in the target genome. Two types of donor DNA molecules (wi

homologous end joining (NHEJ) or homologous recombination (HR) and can potentially

and allele replacement. In the absence of donor DNA, NHEJ-driven repair of the break
fied from undigested plant DNA, the authors also esti-
mated that QQR, when expressed under a heat-shock
promoter, can induce mutations at a frequency as high
as 0.2mutations per gene. This is a high number relative to
the extremely low HR-dependent frequencies (i.e. 10�7 to
10�4) previously reported for plant cells (reviewed in Ref
[63]).

Further analysis of mutated target sites revealed that
most of the QQR-induced mutations could potentially
produce a functional gene knockout (if generated within
a coding sequence), and that nearly 10% of the T2 heat-
shock-induced plants transmitted the QQR-induced
mutations to their progeny (probably as a result of
mutations in the L2 cells of the shoot apical meristem).
These observations suggest that theheat-shock-controlled
expression of ZFNs could potentially be adapted for
efficient generation of functional gene knockout in
Arabidopsis.

Heat-shock-induced expression was also instrumental
in the development of a set of tools for the characterization
and expression of ZFNs in plant cells [42,111], where the
mutagenic effect of QQR was measured by activation of a
mutated gus gene in transgenic Arabidopsis plants
(Figure 1c). The gus reporter activation assay offers a
simplified visual alternative to PCR-based detection of
ZFN-mediated mutagenesis and has proved useful for
visualizing ZFN activity in various organs of transgenic
Arabidopsis plants and in transformed tobacco tissues
[42]. Placing the ZFN recognition site three codons
upstream of the gus initiation codon might hinder the
detection of large deletions and off-frame mutations;
nevertheless, the assay was sensitive enough to detect
the occurrence of small, in-frame deletions and insertions.
More importantly, it was also useful for detecting single-
nucleotide replacement at the break site [42], suggesting
that ZFNs can also be used for precise and localized
genome editing in plant cells.
t cells. Expression of a single or double pair of ZFNs can lead to one or two double-

th or without homology to the target site) can be driven to integration by non-

be used to achieve a variety of outcomes: gene addition, gene stacking, gene repair

site can lead to site-specific mutagenesis.
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Single-nucleotide changes and single- and double-codon
deletions were also reported in a study aimed at evaluating
the use of ZFNs for GT in Arabidopsis using flower-dip
transformation (the most commonly used transformation
method for Arabidopsis plants [43]). A transgenic Arabi-
dopsis line with a single target locus was produced. The
target locus was engineered to express the phosphinothri-
cin acetyltransferase (encoded by pat) selection marker,
the gfp reporter gene, a unique recognition site for two ZFN
monomers (designated PTFFOK and E2CFOK) and an
EcoRI restriction site that facilitated the isolation of
mutated genomic fragments from transgenic Arabidopsis
plants by PCR amplification (Figure 2b). Target transgenic
plants were subsequently transformed with the PTFFOK
and E2CFOK ZFNs, which were driven by various promo-
ters. Tissue-specific, chemically induced and constitutive
expression of the PTFFOK and E2CFOK ZFNs resulted in
awide variety ofmutations that ranged from single-nucleo-
tide changes and single- and double-codon deletions to
large deletions and/or insertions [43]. Interestingly, the
authors reported that co-expression of PTFFOK and
E2CFOK under the control of the constitutive CaMV
35S promoter resulted in mutations in only 2% of the cells
of the doubly transformed plants and that these plants did
not exhibit an aberrant phenotype, as one would expect
from overexpression of ZFN in transgenic tissues [43]. The
exact cause for this relatively low mutation efficiency is
still unknown, but it can potentially be attributed to
transgene silencing, ZFN instability, rapid repair of the
genomic DSBs or the specific genomic position of the
PTFFOK/E2CFOK target site. Nevertheless, it led the
authors to suggest that a third round of transformation
with a donor DNAmight result in HR-mediated GT events
at unaffected sites. Realizing that expression of the
PTFFOK and E2CFOK ZFNs under the control of the
Rps5 promoter (which is active in dividing cells and early
embryos) resulted in an even lower rate of mutated cells as
compared with the 35S promoter, the authors used Rps5-
ZFN-transgenic plants, which were homozygous for the
target locus, for their HR-dependent GT experiments [43].
The donor DNA was engineered with partial homology to
the target locus and carried a functional hpt selection
cassette, which allowed the detection of both random
and putative GT events following its delivery by flower-
dip transformation into Rps5-ZFN/target-transgenic Ara-
bidopsis. Over 3000 hygromycin-resistant transgenic Ara-
bidopsis plants were produced and screened by PCR for
possible GT events. Three targeting events were isolated
and characterized. Two of them were classified as ‘true’ GT
events and they were likely the result of HR between the
donor and the target locus. A third event was classified as
an ectopic GT event and it was suggested to be derived from
HR between the donor and target locus followed by release
and transfer of the recombinant T-DNA to a different
genomic location. Interestingly, all three targeted lines
remained heterozygous for the targeted locus. They also
carried randomly integrated full and/or partial T-DNA
molecules within their genomes. Nevertheless, given the
high GT frequency of 10�3 and the possibility of segregat-
ing out the randomly integrated T-DNAs and the ZFN-
expressing cassettes, this study demonstrated that a com-
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bination of stably expressed ZFNs and Agrobacterium-
mediated floral-dip transformation can potentially be used
not only for site-specific mutagenesis but also for HR-based
gene-replacement experiments in Arabidopsis.

HR-dependent GT has been achieved in other plant
species as well (i.e. tobacco and maize). In a pioneering
work, targeted tobacco plants regenerated, following the
co-delivery of donor and ZFN-expressing DNA molecules,
into transgenic tobacco protoplasts [98]. More specifically,
12 transgenic tobacco plants were produced carrying a non-
functional gus::nptII fusion marker (Figure 1a) that also
carried a recognition site for the ZFN Zif268 at different
genomic locations. One double-locus- and nine single-locus-
transgenic plants with relativity high levels of gus::nptII
transcript (as determined by reverse transcription-PCR)
were selected for further GT experiments. Transgenic
protoplasts were co-transformed with Zif268-expressing
and donor DNA molecules, and were cultured to recover
and regenerate kanamycin-resistant calluses and whole
plants that were subsequently tested for GUS expression.
Interestingly, the average frequency of GUS-expressing
calluses (1.0 � 10�3) was lower than that of the kanamy-
cin-resistant calluses (4.5 � 10�3). This discrepancy was
explained by the possible low sensitivity of the histochem-
ical GUS assay relative to antibiotic selection pressure.
Furthermore, kanamycin-resistant callus was also
detected when protoplasts were transformed with only
donor DNA, albeit at a much lower frequency than the
accepted rate of regular transformation experiments
(which was about 14-fold higher). Regeneration of such
kanamycin-resistant (but GUS-negative) calluses might
have resulted from random promoter trapping by the donor
DNA, which even though engineered to carry only 457 bp of
the gus coding sequence, still carried a complete nptII
coding sequence. More important was the observation that
the frequency of the kanamycin-resistant calluses was
more than threefold higher when Zif268-expressing and
donor DNAwere co-transformed compared with when only
donor DNA was used for transformation. Further calcu-
lation led to the estimation that 1–2 of every 10 doubly
transformed protoplasts resulted in aHR event and that on
average there was 1 HR event per 5.9 NHEJ events.

HR-dependent GT events were observed in all of the
different target transgenic tobacco lines, which indicated
that various chromosomal sites are amenable to targeting
in tobacco protoplasts. Interestingly, the frequency of GT
did not correlate with the target gene expression, which
suggests that similar to the randomness of NHEJ-
mediated T-DNA integration [16,112], various chromoso-
mal locations might be amenable to GT by HR. PCR and
Southern blot analyses were performed on selected target-
ing events derived from three parent lines and revealed a
variety of targeting and random T-DNA integration
events. Thus, for example, the targeting of not only one
but both alleles in a homozygous target plant, the random
integration of not only the donor but also the ZFN-expres-
sing T-DNA molecule, and genomic rearrangements at
some of the targeting sites, were observed. The mechan-
isms by which such rearrangements occur are still unclear,
but it could be that such events were initiated by strand
invasion from one side of the T-DNA but resolved by NHEJ
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on the other. Overall, out of 26 GT events, five exhibited
accurate HR-mediated gene-replacement events, bringing
the efficiency of precise HR-dependent GT in tobacco pro-
toplasts to 20% of the total targeting events.

HR-mediated GTwas also reported in BY2 tobacco cells,
where a targeted transgene was directed into not only the
pre-integrated defective reporter construct, but also an
endogenous locus in tobacco cells [48]. For targeting of a
transgenic locus, BY2 tobacco cells were engineered to
carry a disabled gfp gene (Figure 1b). Reconstitution of
functional gfp by ZFN-T1-mediated chromosomal recombi-
nation indicated that ZFNs can facilitate HR in transgenic
BY2 cells (Figure 1b). HR-dependent GT and replacement
of the disrupted gfp with a functional pat expression
cassette was achieved by co-transfection of the ZFN-
expression construct and a donor DNA that shared
homology to the transgene target sequence and carried a
plant promoter and the 50-fragment of the pat gene. Diges-
tion of either two (ZFN-T2) or just one (ZFN-T1) location
within the target site (Figure 1b) resulted in successful
recombination between the donor DNA and the target, and
allowed the regeneration of bialaphos-resistant cells that
no longer carried the disrupted gfp transgene. Sequencing
analysis revealed precise recombination between the 50-
and 30-parts of the pat gene, and Southern blot analysis
showed that 18 out of 22 bialaphos-resistant isolates exhib-
ited a hybridization pattern consistent with accurate HR-
dependent gene-replacement events.

Co-transfection of ZFN-expression construct and a
donor DNA was also used to target a native genomic
sequence in BY2 cells and tobacco plants. The endochiti-
nase gene CHN50 was selected because of its high expres-
sion level in stationary-phase tobacco cell suspension
culture, which led the authors [48] to suggest that methods
for its replacement with genes of interest can be used for
the production of recombinant proteins in tobacco cell
culture. A pair of CHN50-specific ZFNs targeting the 30-
end of the second exon of the gene were designed and
constructed by Sangamo BioSciences (designated ZFN-
CHN50-L and ZFN-CHN50-R), and a dual ZFN mono-
mer-expression cassette was assembled by flanking the
2A sequence [48] with the ZFN-CHN50-L and ZFN-
CHN50-R coding sequences. The donor DNA molecule
was engineered to carry a functional pat gene driven by
a constitutive promoter that was flanked by 750 bp of
sequence homologous to CHN50. GT experiments were
performed by Agrobacterium-mediated co-transformation
of BY2 cells and tobacco leaf disks. PCR analysis revealed
that 12 of 231 bialaphos-resistant BY2 isolates and five of
46 bialaphos-resistant transgenic plants produced DNA
fragments that would be expected from true targeting
events. Sequence analyses confirmed the nature of the
HR-mediated integration of the donor DNA into the
CHN50 target site. Although Southern blot analysis of
several targeted bialaphos-resistant tissues revealed that
they also carried randomly integrated donor DNA, the data
presented by the authors clearly showed that ZFNs can be
used for HR-mediated GT in a native tobacco locus.

Native genome editing in tobacco cells, albeit via NHEJ,
was recently reported as part of the development of the
OPEN system, used to construct ZFNs for targeting native
sequences in human cell lines and in tobacco plants [45]. A
pair of ZFNs, designated SR2163 ZFNs, capable of target-
ing position 2163 on both copies of the ALS-encoding genes
in tobacco (SuRA and SuRB) were constructed and deliv-
ered into tobacco protoplasts together with a construct
coding for nptII expression: 66 kanamycin-resistant plant-
lets were obtained, three of which exhibited a single-base
deletion within the SuRA coding sequence, as determined
by PCR and sequencing analysis. One plant was mutated
in both SuRA alleles, and no mutants in SuRB were
detected.

Targeting of theSuRB allele was later achieved by using
a different set of ZFNs that were designed to target pos-
itions 815 and 1853 of the coding sequences of the SuR
genes andwere designated ZFN815 and ZFN1853, respect-
ively [44]. High-throughput pyrosequencing of DNA iso-
lated from tobacco protoplasts transfected with ZFN815 or
ZFN1853 revealed that both SuR genes were mutagenized
by these enzymes. Interestingly, ZFN815, which was
specifically designed by modular assembly to target the
SuRB locus, targeted SuRA with higher frequency, even
though the target site on SuRA differed by two nucleotides
from that on SuRB. This observation indicated that not
only was ZFN815 less specific, but also that other factors
(e.g. chromatin structure and DNA methylation) might be
affecting the accessibility and activity of ZFNs on their
target sites.

The ability of ZFN815 to stimulate HR-mediated GT to
SuR loci was investigated using various types of donor
DNA molecules that were engineered to carry missense
mutations that conferred resistance to different herbicides,
as well as silent mutations that enabled spontaneous
mutations to be distinguished from recombination-gener-
ated mutations in putative targeting events. Co-delivery of
donor DNA with ZFN815 into tobacco protoplasts resulted
in the regeneration of herbicide-resistant calluses for all
three types of donor DNA molecules, with an estimated
rate of ZFN-induced herbicide resistance of 2.4–5.3%. PCR
and sequence analyses of randomly selected resistant cal-
luses revealed that 0.2–4.0% of the targeting events
resulted fromHR-dependent recombination between donor
DNA molecules and SuR loci, and that the remainder
resulted from spontaneous mutations and/or somatic vari-
ations. Interestingly, >2% of the GT events were obtained
at a distance of >1300 bp from the ZFN cleavage site,
which suggests that GT can potentially be obtained even
if ZFNs cannot be designed for the desired site. This notion
is further supported by observations of GT events being
obtained even at a distance of 3000 bp from the ZFN-
induced DSBs [48].

Overall, the high GT frequency of both SuR alleles when
ZFN815 and donor DNA molecules were co-delivered into
tobacco protoplasts was consistent with the pyrosequen-
cing data. These observations demonstrated that a pair of
ZFNs, capable of targeting two slightly different
sequences, can potentially be used to target several closely
related genes across plant genomes. Indeed, among 47
different herbicide-resistant calluses produced via differ-
ent targeting experiments (which included the use of other
ZFNs and donor DNA molecules), 19 were modified at
multiple SuRA loci (including mutations induced by
317



Review Trends in Plant Science Vol.15 No.6
NHEJ). Furthermore, 10 SuRA and SuRB double mutants
regenerated from herbicide-resistant calluses, clearly
demonstrating that ZFNs can be used to engineer whole
plants.

Targeting of native genome sequences cannot always
rely on direct selection of targeting events, and given the
high frequency of SuRA and SuRB targeting, the authors
[44] suggested that indirect selection for putative targeting
events could be applied for GT in tobacco. To test this idea,
tobacco protoplasts were co-transformed with plasmids
encoding ZFN815, a donor DNA and a functional kanamy-
cin-resistance-encoding cassette. Of approximately 1000
kanamycin-resistant cells, two were modified by the donor
DNA and were resistant to herbicide. A similar approach,
using PCR-based screening, was taken for the detection of
GT events among a population of >3000 transgenic Ara-
bidopsis plants [43]. These experiments showed that indir-
ect selection methods and/or molecular screening can
potentially be harnessed for the identification of ZFN-
mediated GT events in non-selectable target genes in plant
genomes.

ZFN-mediated GT is not limited to model plants, and in
a recent report [49] the technology was used to produce
mutated maize plants with an altered phytate-biosyn-
thesis pathway. The IPK1 gene, which encodes the enzyme
that catalyzes the final step in phytate biosynthesis, was
selected for targeting experiments. IPK1, one of two IPK
paralogs inmaize that share 98% sequence identity in their
coding sequences (the second is referred to as IPK2), was
selected for targeting based on its expression pattern. Four
ZFN pairs (designated ZFN8, ZFN12, ZFN15 and ZFN16)
were designed to target a specific region in exon 2 of IPK1.
Initial evaluation of ZFN-mediated GT in maize cell cul-
ture revealed that transient expression of ZFN12 leads to
site-specificmutagenesis (i.e. deletions or insertions) at the
target sites, as determined by deep sequencing analysis.
Two donor DNA molecules carrying the pat selectable
marker and regions of homology to the IPK1 target site
were constructed. The first molecule, designated the
autonomous donor, carried a fully functional pat-expres-
sion cassette, whereas the second molecule, designated the
non-autonomous donor, carried a promoterless pat and
hence required the IPK1 promoter to be trapped in a
successful GT event. All IPK1 ZFNs were capable of indu-
cing site-specific integration of either the autonomous or
non-autonomous donor into maize cell culture, as deter-
mined by the regeneration of herbicide-resistant calluses.
Molecular analysis revealed insertion in both, or just one of
the IPK1 alleles in herbicide-resistant calluses and
sequencing data confirmed the HR-mediated nature of
the insertion events. However, even though the non-
autonomous donor yielded a lower number of herbicide-
resistant events than the autonomous donor, the frequency
of targeted events (out of the total targeted and random
integration events) obtained with the non-autonomous
donor was higher than that with the autonomous donor.
More interesting was the observation that whereas
multiple random integration events were observed in gen-
omes of calluses obtained from non-targeted events (i.e.
most likely to be derived from integration by NHEJ), a
single, site-specific integration of the pat gene was
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observed in calluses obtained from targeted events (i.e.
those derived from integration by HR). Although the exact
mechanism by which donor DNA molecules are preferen-
tially directed to HR and not NHEJ in maize cell culture is
still unknown, it is clear that ZFNs can be used to control
the integration of foreign DNA into specific locations with-
out the addition of foreign DNA molecules into random
genomic sites.

ZFN-mediated genome modification can potentially
lead to off-site targeting [108] and a full analysis was
conducted to examine whether IPK1-targeted plants,
which regenerated from mutated maize calluses, carried
potential off-target genome modifications. Interestingly,
sequence analysis revealed that IPK2 remained intact in
five independent IPK1-targeted plants, and although the
possibility that IPK2was digested, butwas then accurately
repaired cannot be ruled out, these data demonstrate that
ZFNs can be designed and used to target their intended
paralog. Furthermore, SELEX/genotyping analysis, a
method that has been successfully used to indentify rare
off-target genome-modification events in human cells
[113], revealed that the five most probable off-target
ZFN binding sites in the maize genome were true to type.

Multiple independent fertile maize plants were recov-
ered and were either self-pollinated or crossed to an inbred
maize variety [49]. Genotyping and segregation analysis of
progeny from various crosses revealed that the IPK1
mutant allele segregated in a Mendelian fashion and
was transmitted via sexual reproduction. Furthermore,
biochemical analysis revealed that a significant number
of seeds obtained from segregating populations of IPK1-
mutant lines exhibit high phytate accumulation and low
inorganic phosphate accumulation, as would be expected
from reduction or disruption of the IPK1-encoded inositol-
1,3,4,5,6-pentakisphosphate 2-kinase enzyme. Taken
together, this pioneering report [49] clearly demonstrates
that ZFNs can be used for precise genome modification of
not only model plants, but also those that are economically
important.

Future prospects
Reliable and reproducible precise genome-modification
methods have eluded plant biologists and biotechnologists
formany years. However, the remarkable progressmade in
the use of ZFNs for genome editing in animals, animal cells
and human cells (see reviews in Refs [31,78,88,114]), and
their recent application for precise editing of model and
crop plants, heralds the dawn of a new era for basic plant
research and biotechnology. Extensive research is required
to extend the use of ZFN technology beyond proof-of-con-
cept studies to the targeting of a wide range of native
sequences in a variety of model and crop species. The
application of ZFN technology to other plant species and
target sequences relies not only on the development of
novel ZFNs but also on the adaptation and modification
of existing tools and methods for ZFN delivery, expression
and validation in plant cells and on the design of strategies
for the identification and selection of putative targeting
events.

Obtaining functionally active ZFNs is a key step in the
deployment of this technology for any GT experiment.
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Prospective users can potentially construct their own
enzymes, in house, using publicly available information
and reagents [33,45,92,93,97,98,103]. Both modular
assembly and the OPEN system have yielded enzymes
that have been used in various eukaryotic cells, including
plants, and although the OPEN system is more technically
challenging and demanding, its reliance on selection pro-
cesses is proposed to yield enzymes with higher activity
compared with enzymes yielded using modular assembly
[44,45,115]. Users who plan to construct their own
enzymes are advised to choose the method that is best
suited to their research [116,117]. ZFNs are also commer-
cially available from Sigma-Aldrich, but as pointed out by
Porteus [4], their market is restricted to laboratories con-
ducting animal research due to licensing agreements with
Sangamo BioSciences and Dow Agrosciences (www.dowa-
gro.com). Users can also seek to draw up an agreement
with SangamoBioSciences andDowAgrosciences to obtain
functionally active ZFNs from their laboratories.

Awide range of validationmethods have been developed
to assist with the screening process for active ZFNs. Plant
biologists can adapt existing methods and analyze the
activity of novel ZFN monomers by activation of reporter
and/or selection genes, by PCR and/or by deep sequencing
of transgenic and/or native target sequences. However, the
co-delivery of two ZFN monomers, with or without donor
DNA, into the same target cell, can be technically challen-
ging in different plant species, where the transformation
efficiency of several independent molecules (often deliv-
ered by Agrobacterium-mediated genetic transformation)
is highly variable and typically low [118–123]. Launching
the donor sequence and the ZFN-expressing cassettes from
a single vector has been shown to be useful for GT exper-
iments in plants [49], and although we cannot preclude the
possibility that two DNA molecules were actually present
in the same transformed cell, this strategy can potentially
be used as an alternative for co-transformation exper-
iments. Alternatively, combining the use of ZFN-expres-
sing transgenic plants with a second transformation cycle
with a donor DNA has also been shown to be useful for GT
experiments in plants [43]. The availability of an assort-
ment of vectors [118,119,124,125], some of which have been
designed for maximum compatibility with a generalized
plant-expression system [42,118,126], could potentially
facilitate the assembly of multi-ZFN plant transformation
and donor vectors for GT experiments in these organisms.

Not only is targeting efficiency likely to depend on the
activity of the ZFNs, but also on their expression level
within the target cell, the location of the targeting
sequence in the genome and the developmental and phys-
iological stage of the targeted cell. Interestingly, heat-
shock induction and overexpression of ZFNs in transgenic
plants have not led to high targeting efficiency in Arabi-
dopsis, and detection of rare targeting events in a non-
selectable locus required extensive PCR screening
[42,43,47]. Improved expression techniques and novel
selection methods could result in higher targeting effi-
ciency and more efficient detection of targeting events in
plant cells. No less important are a better understanding of
the biological processes by which DNA molecules are tar-
geted to integration in plant cells and the potential revel-
ation of factors that contribute to the accessibility of ZFNs
to specific genomic locations; these could further contribute
to the establishment of reproducible and efficient GT pro-
cedures for plant species.

Acknowledgments
We apologize to colleagues whose works have not been cited due to the
lack of space. Our laboratory is supported by grants from The Consortium
for Plant Biotechnology Research (CPBR), Dow Agrosciences,
Biotechnology Research and Development Corporation (BRDC) and the
US–Israel Binational Agricultural Research and Development (BARD) (to
T.T.), and from the BARD Postdoctoral Fellowship Grant (to D.W.).

References
1 Hanin, M. and Paszkowski, J. (2003) Plant genome modification by

homologous recombination. Curr. Opin. Plant Biol. 6, 157–162
2 Reiss, B. (2003) Homologous recombination and gene targeting in

plant cells. Int. Rev. Cytol. 228, 85–139
3 Puchta, H. (2002) Gene replacement by homologous recombination in

plants. Plant Mol. Biol. 48, 173–182
4 Porteus, M.H. (2009) Plant biotechnology: zinc fingers on target.

Nature 459, 337–338
5 Scherer, S. and Davis, R.W. (1979) Replacement of chromosome

segments with altered DNA sequences constructed in vitro. Proc.
Natl. Acad. Sci. U.S.A. 76, 4951–4955

6 Baribault, H. and Kemler, R. (1989) Embryonic stem cell culture and
gene targeting in transgenic mice. Mol. Biol. Med. 6, 481–492

7 Tenzen, T. et al. (2009) Genome modification in human embryonic
stem cells. J. Cell. Physiol. 222, 278–281 (http://www.
ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop
t=Citation&list_uids=19877154)

8 Porteus, M. (2007) Using homologous recombination to manipulate
the genome of human somatic cells. Biotechnol. Genet. Eng. Rev. 24,
195–212

9 Venken, K.J. and Bellen, H.J. (2005) Emerging technologies for
gene manipulation in Drosophila melanogaster. Nat. Rev. Genet. 6,
167–178

10 Hall, B. et al. (2009) Overview: generation of gene knockout mice.
Curr. Protoc. Cell. Biol. 44, 19.12.1–19.12.17, (http://www.
ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop
t=Citation&list_uids=19731224)

11 Laible, G. and Alonso-Gonzalez, L. (2009) Gene targeting from
laboratory to livestock: current status and emerging concepts.
Biotechnol. J. 4, 1278–1292

12 Mortensen, R. (2007) Overview of gene targeting by homologous
recombination. Curr. Protoc. Neurosci. 40, 4.29.1–4.29.13, (http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed
&dop t=Citation&list_uids=18428657)

13 Britt, A.B. andMay, G.D. (2003) Re-engineering plant gene targeting.
Trends Plant Sci. 8, 90–95

14 Ray, A. and Langer,M. (2002) Homologous recombination: ends as the
means. Trends Plant Sci. 7, 435–440

15 Banta, L.M. and Montenegro, M. (2008) Agrobacterium and plant
biotechnology. In Agrobacterium (Tzfira, T. and Citovsky, V., eds), pp.
73–147, Springer

16 Ziemienowicz, A. et al. (2008) Mechanisms of T-DNA integration. In
Agrobacterium (Tzfira, T. and Citovsky, V., eds), pp. 395–440,
Springer

17 Li, J. et al. (2005) Involvement of KU80 in T-DNA integration in plant
cells. Proc. Natl. Acad. Sci. U.S.A. 102, 19231–19236

18 Tzfira, T. et al. (2004) Agrobacterium T-DNA integration: molecules
and models. Trends Genet. 20, 375–383

19 Reiss, B. et al. (2000) RecA stimulates sister chromatid exchange and
the fidelity of double-strand break repair, but not gene targeting, in
plants transformed by Agrobacterium. Proc. Natl. Acad. Sci. U.S.A.
97, 3358–3363

20 Hanin, M. et al. (2000) Elevated levels of intrachromosomal
homologous recombination in Arabidopsis overexpressing the MIM
gene. Plant J. 24, 183–189

21 Shaked, H. et al. (2005) High frequency gene targeting in Arabidopsis
plants expressing the yeast RAD54 gene. Proc. Natl. Acad. Sci. U.S.A.
102, 12265–12269
319

http://www.dowagro.com/
http://www.dowagro.com/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=19877154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=19877154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=19877154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=19731224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=19731224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=19731224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=18428657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=18428657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop t=Citation&list_uids=18428657


Review Trends in Plant Science Vol.15 No.6
22 Terada, R. et al. (2002) Efficient gene targeting by homologous
recombination in rice. Nat. Biotechnol. 20, 1030–1034

23 Terada, R. et al. (2007) Gene targeting by homologous recombination
as a biotechnological tool for rice functional genomics. Plant Physiol.
144, 846–856

24 Yamauchi, T. et al. (2009) Homologous recombination-mediated
knock-in targeting of the MET1a gene for a maintenance DNA
methyltransferase reproducibly reveals dosage-dependent
spatiotemporal gene expression in rice. Plant J. 60, 386–396

25 Puchta, H. et al. (1993) Homologous recombination in plant cells is
enhanced by in vivo induction of double strand breaks into DNA by a
site-specific endonuclease. Nucleic Acids Res. 21, 5034–5040

26 Siebert, R. and Puchta, H. (2002) Efficient repair of genomic double-
strand breaks by homologous recombination between directly
repeated sequences in the plant genome. Plant Cell 14, 1121–1131

27 D’Halluin, K. et al. (2008) Homologous recombination: a basis for
targeted genome optimization in crop species such as maize. Plant
Biotechnol. J. 6, 93–102

28 Salomon, S. and Puchta, H. (1998) Capture of genomic and T-DNA
sequences during double-strand break repair in somatic plant cells.
EMBO J. 17, 6086–6095

29 Chilton, M-D. and Que, Q. (2003) Targeted integration of T-DNA into
the tobacco genome at double-strand breaks: new insights on the
mechanism of T-DNA integration. Plant Physiol. 133, 956–965

30 Tzfira, T. et al. (2003) Site-specific integration of Agrobacterium
tumefaciens T-DNA via double-stranded intermediates. Plant
Physiol. 133, 1011–1023

31 Porteus, M.H. and Carroll, D. (2005) Gene targeting using zinc finger
nucleases. Nat. Biotechnol. 23, 967–973

32 Durai, S. et al. (2005) Zinc finger nucleases: custom-designed
molecular scissors for genome engineering of plant and
mammalian cells. Nucleic Acids Res. 33, 5978–5990

33 Carroll, D. et al. (2006) Design, construction and in vitro testing of zinc
finger nucleases. Nat. Protoc. 1, 1329–1341

34 Beumer, K. et al. (2006) Efficient gene targeting in Drosophila with
zinc-finger nucleases. Genetics 172, 2391–2403

35 Bibikova, M. et al. (2001) Stimulation of homologous recombination
through targeted cleavage by chimeric nucleases. Mol. Cell Biol. 21,
289–297

36 Carroll, D. et al. (2008) Gene targeting in Drosophila and
Caenorhabditis elegans with zinc-finger nucleases. Methods Mol.
Biol. 435, 63–77

37 Meng, X. et al. (2008) Targeted gene inactivation in zebrafish using
engineered zinc-finger nucleases. Nat. Biotechnol. 26, 695–701

38 Urnov, F.D. et al. (2005) Highly efficient endogenous human
gene correction using designed zinc-finger nucleases. Nature 435,
646–651

39 Doyon, Y. et al. (2008) Heritable targeted gene disruption in zebrafish
using designed zinc-finger nucleases. Nat. Biotechnol. 26, 702–708

40 Moehle, E.A. et al. (2007) Targeted gene addition into a specified
location in the human genome using designed zinc finger nucleases.
Proc. Natl. Acad. Sci. U.S.A. 104, 3055–3060

41 Minczuk,M. et al. (2008) Development of a single-chain, quasi-dimeric
zinc-finger nuclease for the selective degradation of mutated human
mitochondrial DNA. Nucleic Acids Res. 36, 3926–3938

42 Tovkach, A. et al. (2009) A toolbox and procedural notes for
characterizing novel zinc finger nucleases for genome editing in
plant cells. Plant J. 57, 747–757

43 de Pater, S. et al. (2009) ZFN-inducedmutagenesis and gene-targeting
in Arabidopsis through Agrobacterium-mediated floral dip
transformation. Plant Biotechnol. J. 7, 821–835

44 Townsend, J.A. et al. (2009) High-frequency modification of plant
genes using engineered zinc-finger nucleases. Nature 459, 442–445

45 Maeder, M.L. et al. (2008) Rapid ‘‘open-source’’ engineering of
customized zinc-finger nucleases for highly efficient gene
modification. Mol. Cell 31, 294–301

46 Wright, D.A. et al. (2005) High-frequency homologous recombination
in plants mediated by zinc-finger nucleases. Plant J. 44, 693–705

47 Lloyd, A. et al. (2005) Targeted mutagenesis using zinc-finger
nucleases in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 102, 2232–

2237
48 Cai, C.Q. et al. (2009) Targeted transgene integration in plant cells

using designed zinc finger nucleases. Plant Mol. Biol. 69, 699–709
320
49 Shukla, V.K. et al. (2009) Precise genome modification in the crop
species Zea mays using zinc-finger nucleases. Nature 459, 437–441

50 Paszkowski, J. et al. (1988) Gene targeting in plants. EMBO J. 7,
4021–4026

51 Jasin, M. et al. (1996) Targeted transgenesis. Proc. Natl. Acad. Sci.
U.S.A. 93, 8804–8808

52 Offringa, R. et al. (1990) Extrachromosomal homologous
recombination and gene targeting in plant cells after
Agrobacterium mediated transformation. EMBO J. 9, 3077–3084

53 Halfter, U. et al. (1992) Gene targeting in Arabidopsis thaliana. Mol.
Gen. Genet. 231, 186–193

54 Lee, K.Y. et al. (1990) Homologous recombination in plant cells after
Agrobacterium-mediated transformation. Plant Cell 2, 415–425

55 Lee, K.Y. et al. (1988) The molecular basis of sulfonylurea herbicide
resistance in tobacco. EMBO J. 7, 1241–1248

56 Miao, Z.H. and Lam, E. (1995) Targeted disruption of the TGA3 locus
in Arabidopsis thaliana. Plant J. 7, 359–365

57 Kempin, S.A. et al. (1997) Targeted disruption in Arabidopsis.Nature
389, 802–803

58 Hanin, M. et al. (2001) Gene targeting in Arabidopsis. Plant J. 28,
671–677

59 Endo, M. et al. (2007) Molecular breeding of a novel herbicide-tolerant
rice by gene targeting. Plant J. 52, 157–166

60 Hrouda,M. andPaszkowski, J. (1994) High fidelity extrachromosomal
recombination and gene targeting in plants. Mol. Gen. Genet. 243,
106–111

61 Risseeuw, E. et al. (1995) Targeted recombination in plants using
Agrobacterium coincides with additional rearrangements at the
target locus. Plant J. 7, 109–119

62 Endo, M. et al. (2006) Molecular characterization of true and ectopic
gene targeting events at the acetolactate synthase gene in
Arabidopsis. Plant Cell Physiol. 47, 372–379

63 Iida, S. and Terada, R. (2005) Modification of endogenous natural
genes by gene targeting in rice and other higher plants. Plant Mol.
Biol. 59, 205–219

64 Puchta, H. (2003) Towards the ideal GMP: homologous recombination
and marker gene excision. J. Plant Physiol. 160, 743–754

65 Hohn, B. and Puchta, H. (1999) Gene therapy in plants. Proc. Natl.
Acad. Sci. U.S.A. 96, 8321–8323

66 Kumar, S. and Fladung, M. (2001) Controlling transgene integration
in plants. Trends Plant Sci. 6, 155–159

67 Shalev, G. et al. (1999) Stimulation of homologous recombination in
plants by expression of the bacterial resolvase ruvC. Proc. Natl. Acad.
Sci. U.S.A. 96, 7398–7402

68 Mengiste, T. et al. (1999) An SMC-like protein is required for efficient
homologous recombination in Arabidopsis. EMBO J. 18, 4505–

4512
69 Gherbi, H. et al. (2001) Homologous recombination in planta is

stimulated in the absence of Rad50. EMBO Rep. 2, 287–291
70 Endo, M. et al. (2006) Increased frequency of homologous

recombination and T-DNA integration in Arabidopsis CAF-1
mutants. EMBO J. 25, 5579–5590

71 Mansour, S.L. et al. (1988) Disruption of the proto-oncogene int-2 in
mouse embryo-derived stem cells: a general strategy for targeting
mutations to non-selectable genes. Nature 336, 348–352

72 Thykjaer, T. et al. (1997) Gene targeting approaches using positive-
negative selection and large flanking regions. Plant Mol. Biol. 35,
523–530

73 Gallego, M.E. et al. (1999) Positive-negative selection and T-DNA
stability in Arabidopsis transformation. Plant Mol. Biol. 39, 83–93

74 Xiaohui Wang, H. et al. (2001) Positive-negative selection for
homologous recombination in Arabidopsis. Gene 272, 249–255

75 Johzuka-Hisatomi, Y. et al. (2008) Efficient transfer of base changes
from a vector to the rice genome by homologous recombination:
involvement of heteroduplex formation and mismatch correction.
Nucleic Acids Res. 36, 4727–4735

76 Puchta, H. and Hohn, B. (2005) Green light for gene targeting in
plants. Proc. Natl. Acad. Sci. U.S.A. 102, 11961–11962

77 Puchta, H. (2005) The repair of double-strand breaks in plants:
mechanisms and consequences for genome evolution. J. Exp. Bot.
56, 1–14

78 Carroll, D. (2004) Using nucleases to stimulate homologous
recombination. Methods Mol. Biol. 262, 195–207



Review Trends in Plant Science Vol.15 No.6
79 Tovar, J. and Lichtenstein, C. (1992) Somatic and meiotic
chromosomal recombination between Inverted duplications in
transgenic tobacco plants. Plant Cell 4, 319–332

80 Xiao, Y.L. and Peterson, T. (2000) Intrachromosomal homologous
recombination in Arabidopsis induced by a maize transposon. Mol.
Gen. Genet. 263, 22–29

81 Chiurazzi, M. et al. (1996) Enhancement of somatic intrachromosomal
homologous recombination in Arabidopsis by the HO endonuclease.
Plant Cell 8, 2057–2066

82 Orel, N. et al. (2003) Different pathways of homologous recombination
are used for the repair of double-strand breaks within tandemly
arranged sequences in the plant genome. Plant J. 35, 604–612

83 Puchta, H. et al. (1996) Two different but relatedmechanisms are used
in plants for the repair of genomic double-strand breaks by
homologous recombination. Proc. Natl. Acad. Sci. U.S.A. 93, 5055–

5060
84 Rouet, P. et al. (1994) Expression of a site-specific endonuclease

stimulates homologous recombination in mammalian cells. Proc.
Natl. Acad. Sci. U.S.A. 91, 6064–6068

85 Porteus, M.H. and Baltimore, D. (2003) Chimeric nucleases stimulate
gene targeting in human cells. Science 300, 763

86 Cohen-Tannoudji, M. et al. (1998) I-SceI-induced gene replacement at
a natural locus in embryonic stem cells. Mol. Cell Biol. 18, 1444–1448

87 Paques, F. and Duchateau, P. (2007)Meganucleases andDNA double-
strand break-induced recombination: perspectives for gene therapy.
Curr. Gene Ther. 7, 49–66

88 Cathomen, T. and Joung, K.J. (2008) Zinc-finger nucleases: the next
generation emerges. Mol. Ther. 16, 1200–1207

89 Scott, C.T. (2005) The zinc finger nuclease monopoly.Nat. Biotechnol.
23, 915–918

90 Alwin, S. et al. (2005) Custom zinc-finger nucleases for use in human
cells. Mol. Ther. 12, 610–617

91 Mandell, J.G. and Barbas, C.F., 3rd (2006) Zinc Finger Tools: custom
DNA-binding domains for transcription factors and nucleases.Nucleic
Acids Res. 34, W516–W523

92 Sander, J.D. et al. (2007) Zinc Finger Targeter (ZiFiT): an
engineered zinc finger/target site design tool. Nucleic Acids Res.
35, W599–W605

93 Dreier, B. et al. (2001) Development of zinc finger domains for
recognition of the 50-ANN-30 family of DNA sequences and their
use in the construction of artificial transcription factors. J. Biol.
Chem. 276, 29466–29478

94 Dreier, B. et al. (2005) Development of zinc finger domains for
recognition of the 50-CNN-30 family DNA sequences and their use
in the construction of artificial transcription factors. J Biol. Chem.
280, 35588–35597

95 Segal, D.J. et al. (1999) Toward controlling gene expression at will:
selection and design of zinc finger domains recognizing each of the 50-
GNN-30 DNA target sequences. Proc. Natl. Acad. Sci. U.S.A. 96, 2758–

2763
96 Bae, K.H. et al. (2003) Human zinc fingers as building blocks in the

construction of artificial transcription factors. Nat. Biotechnol. 21,
275–280

97 Liu, Q. et al. (2002) Validated zinc finger protein designs for all 16
GNN DNA triplet targets. J. Biol. Chem. 277, 3850–3856

98 Wright, D.A. et al. (2006) Standardized reagents and protocols for
engineering zinc finger nucleases by modular assembly. Nat. Protoc.
1, 1637–1652

99 Greisman, H.A. and Pabo, C.O. (1997) A general strategy for selecting
high-affinity zinc finger proteins for diverse DNA target sites. Science
275, 657–661

100 Hurt, J.A. et al. (2003) Highly specific zinc finger proteins obtained by
directed domain shuffling and cell-based selection. Proc. Natl. Acad.
Sci. U.S.A. 100, 12271–12276
101 Isalan, M. and Choo, Y. (2001) Rapid, high-throughput engineering of
sequence-specific zinc finger DNA-binding proteins. Methods
Enzymol. 340, 593–609

102 Porteus, M. (2008) Design and testing of zinc finger nucleases for use
in mammalian cells. Methods Mol. Biol. 435, 47–61

103 Mani, M. et al. (2005) Design, engineering, and characterization of
zinc finger nucleases. Biochem. Biophys. Res. Commun. 335, 447–457

104 Kim, Y.G. et al. (1996) Hybrid restriction enzymes: zinc finger fusions
to Fok I cleavage domain. Proc. Natl. Acad. Sci. U.S.A. 93, 1156–1160

105 Jefferson, R.A. et al. (1987) GUS fusions: beta-glucuronidase as a
sensitive and versatile gene fusion marker in higher plants. EMBO J.
6, 3901–3907

106 Hull, G.A. and Devic, M. (1995) The beta-glucuronidase (gus) reporter
gene system. Gene fusions; spectrophotometric, fluorometric, and
histochemical detection. Methods Mol. Biol. 49, 125–141

107 Dafny-Yelin, M. et al. (2007) pSAT RNA interference vectors: a
modular series for multiple gene down-regulation in plants. Plant
Physiol. 145, 1272–1281

108 Miller, J.C. et al. (2007) An improved zinc-finger nuclease architecture
for highly specific genome editing. Nat. Biotechnol. 25, 778–785

109 Santiago, Y. et al. (2008) Targeted gene knockout in mammalian cells
by using engineered zinc-finger nucleases. Proc. Natl. Acad. Sci.
U.S.A. 105, 5809–5814

110 Lombardo, A. et al. (2007) Gene editing in human stem cells using zinc
finger nucleases and integrase-defective lentiviral vector delivery.
Nat. Biotechnol. 25, 1298–1306

111 Tovkach, A. et al. (2010) Validation and expression of ZFNs and in
plant cells. Methods Mol. Biol. (in press).

112 Kim, S.I. et al. (2007) Genome-wide analysis of Agrobacterium T-DNA
integration sites in the Arabidopsis genome generated under non-
selective conditions. Plant J. 51, 779–791

113 Perez, E.E. et al. (2008) Establishment of HIV-1 resistance in CD4+ T
cells by genome editing using zinc-finger nucleases. Nat. Biotechnol.
26, 808–816

114 Camenisch, T.D. et al. (2008) Critical parameters for genome editing
using zinc finger nucleases. Mini Rev. Med. Chem. 8, 669–676

115 Ramirez, C.L. et al. (2008) Unexpected failure rates for modular
assembly of engineered zinc fingers. Nat. Methods 5, 374–375

116 Joung, J.K. et al. (2010) Reply to ‘‘Genome editing with modularly
assembled zinc-finger nucleases’’. Nat. Methods 7, 91–92

117 Kim, J.S. et al. (2010) Genome editing withmodularly assembled zinc-
finger nucleases. Nat. Methods 7, 91

118 Dafny-Yelin, M. and Tzfira, T. (2007) Delivery of multiple transgenes
to plant cells. Plant Physiol. 145, 1118–1128

119 Goderis, I.J. et al. (2002) A set of modular plant transformation
vectors allowing flexible insertion of up to six expression units.
Plant Mol. Biol. 50, 17–27

120 Chen, Q.J. et al. (2006) AGateway-based platform for multigene plant
transformation. Plant Mol. Biol. 62, 927–936

121 Daniell, H. and Dhingra, A. (2002) Multigene engineering: dawn of an
exciting new era in biotechnology.Curr. Opin. Biotechnol. 13, 136–141

122 Lu, C. et al. (2007) Comparison of multiple gene assemblymethods for
metabolic engineering. Appl. Biochem. Biotechnol. 137–140, 703–710

123 De Buck, S. et al. (2009) The T-DNA integration pattern in
Arabidopsis transformants is highly determined by the
transformed target cell. Plant J. 60, 134–145

124 Karimi, M. et al. (2005) Modular cloning in plant cells. Trends Plant
Sci. 10, 103–105

125 Lin, L. et al. (2003) Efficient linking and transfer of multiple genes by
a multigene assembly and transformation vector system. Proc Natl.
Acad. Sci. U.S.A. 100, 5962–5967

126 Tzfira, T. et al. (2005) pSAT vectors: a modular series of plasmids for
autofluorescent protein tagging and expression of multiple genes in
plants. Plant. Mol. Biol. 57, 503–516
321


	Genome editing in plant cells by zinc finger nucleases
	Gene targeting in plants: a brief overview
	Homologous recombination-based gene targeting in plants
	Homologous recombination enhancement and strong selection
	Enhancement of gene targeting by genomic double-strand breaks
	Zinc finger nucleases: structure, design and assembly
	Validating and monitoring zinc finger nuclease activity in living cells
	Plant genome editing by zinc finger nucleases
	Future prospects
	Acknowledgments
	References


