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ABSTRACT

Precise genome modification with engineered nucleases is a powerful tool for studying basic biology and applied biotechnology.
Transcription activator-like effector nucleases (TALENS), consisting of an engineered specific (TALE) DNA binding domain and a Fok I
cleavage domain, are newly developed versatile reagents for genome engineering in different organisms. Because of the simplicity of the
DNA recognition code and their modular assembly, TALENSs can act as customizable molecular DNA scissors inducing double-strand
breaks (DSBs) at given genomic location. Thus, they provide a valuable approach to targeted genome modifications such as muta-
tions, insertions, replacements or chromosome rearrangements. In this article, we review the development of TALENSs, and summarize the
principles and tools for TALEN-mediated gene targeting in plant cells, as well as current and potential strategies for use in plant research

and crop improvement.
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INTRODUCTION

Targeted genome modification (TGM), mediated by engi-
neered nucleases, has been widely used to investigate gene
function and expand biotechnology applications in yeast
(Scherer and Davis, 1979), fruit fly (Bibikova et al., 2002),
mice (Capecchi, 2005), human cell lines (Urnov et al., 2005),
plants (Wright et al., 2005; de Pater et al., 2009) and many
other organisms (Remy et al., 2010; Urnov et al., 2010).
Reliable and efficient methods for obtaining site-specific
modifications in plants are long sought-after goals for basic
plant research and crop improvement (Pennisi, 2010).
Although first demonstrated in the late 1980’s, TGM in plants
was far from routine because of its extremely low efficiency
(typically about 1075) (Paszkowski et al., 1988; Halfter et al.,
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1992). The critical step in TGM is the introduction of DNA
double-strand breaks (DSBs) at given genomic sites. It was
soon discovered that engineered nucleases could generate
DSBs and consequently activate DNA repair to seal the breaks
along with any modifications such as mutations, insertions,
replacements, and chromosomal rearrangements (Rouet et al.,
1994).

Traditionally, TGM was mostly performed using zinc finger
nucleases (ZFNs), artificial nucleases that consist of a synthetic
ZFN domain fused to a Fok I cleavage domain (Urnov et al.,
2010; Carroll, 2011). ZFNs have been used to modify endog-
enous genes in a wide range of organisms and cell types, and
plant species including Arabidopsis (Osakabe et al., 2010;
Zhang et al., 2010), tobacco (Townsend et al., 2009), maize
(Shukla et al., 2009) and soybean (Curtin et al., 2011). Major
constraints on ZFN application include the limited number of
available target sites, more context dependence effects between
the repeat units, low targeting efficiency and specificity, and
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frequent off-target effects caused partly by nonspecific DNA
binding (DeFrancesco, 2011).

More recently, transcription activator-like effector nucle-
ases (TALENs) have emerged as alternatives to ZFNs for
TGM, and have been shown to have great potential for precise
genome manipulation (Christian et al., 2010). Like ZFNs,
TALENS consist of an engineered specific TALE DNA binding
domain and a Fok I cleavage domain. The customizable TALE
(Transcription activator-like effectors) DNA binding domain,
composed of several nearly identical tandem repeat arrays, can
target any given sequence according to a simple repeat variable
di-residue (RVD)-nucleotide recognition code (Bogdanove
et al., 2010; Bogdanove and Voytas, 2011). Within the past
three years TALEN-mediated genome modification has been
widely adopted in yeast (Li et al., 2011), nematode (Wood,
2011), fruit fly (Liu et al., 2012), rat (Tesson, 2011;
Tong et al., 2012), human somatic and pluripotent cells
(Hockemeyer et al., 2011; Miller et al., 2011), silkworm (Ma
et al.,, 2012), livestock (Carlson et al., 2012), plants (Li
et al., 2012b; Mahfouz et al., 2011; Shan et al., 2013; Zhang
et al., 2013), Xenopus embryo (Lei, 2012), zebrafish (Huang
et al., 2011; Sander et al., 2011; Bedell, 2012; Cade et al.,
2012; Dahlem et al., 2012; Moore, 2012) and many other
organisms, and is recognized as a major breakthrough in the
core technology of genome engineering. Genome editing with
engineered nucleases was named 2011 “Method of Year”
(2011), and one year later genome engineering using TALENs
and Cas9 was crowned 2012 “Breakthrough of the Year” by
Science (2012).

Here we review the DNA targeting characteristics of
TALENs and describe the available TALEN construction
platforms. We also summarize the applications that have been
made in plants, and discuss future work to enhance the utility
of these tools in plant research and crop improvement.

DNA BINDING SPECIFICITY

TALEs are major virulence factors secreted by the plant
pathogenic bacterial genus Xanthomonas, which causes
disease in plants such as rice and cotton (Boch and Bonas,
2010; Bogdanove et al., 2010). TALEs are injected into host
cells through the type III secretion system and interfere with
cellular activities by activating the transcription of specific
target genes (Bogdanove et al., 2010). They have specific
structural features, including secretion and translocation
signals in the N-terminal region, nuclear localization signals
(NLS) and an acidic transcription-activation domain (AD) in
the C-terminal region and a central DNA binding domain
(DBD) with 33—35 nearly identical long amino acid repeats,
followed by the last module which contains only 20 amino
acids (refers to as “half repeat”) (Fig. 1 A). The repeat variable
di-residue (RVD) at positions 12 and 13 of each repeat dictates
the specificity of repeat binding to a nucleotide in the DNA
target (Fig. 1A). This RVD-nucleotide preference was first
identified as the DNA sequence recognition code of TALEs in
2009 by two independent groups (Boch et al., 2009; Moscou
and Bogdanove, 2009). According to this code, the HD

repeat specifies C, NG specifies T, NI specifies A, NN spec-
ifies G or A, N* specifies C, IG specifies T, and NS specifies
A, C, G, or T. Although many natural RVDs have been
discovered, four of them, HD, NN, NI, and NG, account for
75% of the total (Moscou and Bogdanove, 2009) (Fig. 1A).

The DNA binding specificity of a TALE is determined by
its repeat number and the sequence of the RVD: the repeat
number determines the length of the target sequence, while the
RVD corresponds directly to the nucleotide in the target site.
Moreover, recognition sites are always preceded by a thymine
(T) before the first repeat in the array and this is the only
critical rule for TALE targeting (Boch et al., 2009).

The three-dimensional structures of TALE—DNA
complexes, reported in two back-to-back papers in 2012
(Deng et al., 2012a; Mak et al., 2012), provided detailed addi-
tional information supporting the one-to-one RVD-nucleotide
recognition code. It was shown that each TAL repeat comprises
two helices connected by a short RVD-containing loop, and all
repeats form a right-handed superhelical structure that tracks
along the sense strand of the DNA duplex, with the RVDs
contacting the major groove. The two hypervariable residues in
the RVD loops have different biochemical roles. The second
amino acid of the RVD (position 13) mediates specific recog-
nition of the sense strand DNA base, whereas the first amino
acid (position 12) does not directly contact the DNA but instead
helps to stabilize the repeat structure.

From a target DNA sequence, researchers can in principle
analyze the number and order of the required RVDs and design
a TALE protein to target a given site in any organism. The
simplicity and the modularity of the repeats enable rapid
construction of TALE proteins fused to a number of functional
domains to achieve site-specific modifications of the genome.
These functional domains include repressors, activators,
nucleases, nickases, recombinases, methylases, integrases and
others (Fig. 1B).

Thus, using HD = C, NN = G, NI = A, and NG =T as
code, customizable TALENs have been created and widely
used in TALEN-mediated TGM. In addition, since the HD and
NN are regarded as strong RVDs, while NI, NG or NK are
weak ones, Streubel et al. (2012) suggested that the former
should be employed and stretches (>6) of weak RVDs should
be avoided in the design of efficient TALEs. The uses of some
rarely used RVDs have also been studied. For example, NK
and NH were found to be more specific for G than NN but
have lower affinity (Moscou and Bogdanove, 2009; Miller
et al., 2011; Zhang et al., 2011; Streubel et al., 2012), while
N* or NG were shown to bind SmC and so overcome meth-
ylation of the cytosine (Deng et al., 2012b; Valton et al.,
2012).

TALEN ASSEMBLY PLATFORMS

Because of the long and highly repetitive nature of the
DBDs of TALEs, it is a major challenge to construct engi-
neered TALENs by ordinary PCR and traditional cloning
techniques. Although custom-engineered TALEs have become
available commercially through Cellectis Bioresearch and Life
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Fig. 1. Overview of TALE structure, DNA recognition code and TALE-based designer proteins.

A: TALE structure and DNA recognition code: a typical TALE structure (top) comprises an N-terminal translocation domain (TD), a central DNA binding domain
(DBD), two nuclear localization signals (NLS) and a transcriptional activation domain (AD) in the C-terminal region. The DBD is composed of several tandem
repeats which end with a half repeat. Each repeat consists of 34 nearly identical amino acids except for the central repeat variable di-residue (RVD) in positions 12
and 13. The one-to-one RVD-nucleotide code of the four common RVDs used for DNA specific targeting in TALENs (TALE nuclease) is shown below. B: TALE
proteins: an optimal TALE scaffold including the central DBD can be fused to some functional domain, such as repressor, activator, nuclease or methylase, to
generate TALE-based designer proteins for site-specific modification of the genome.

Technologies, they are too expensive to adopt routinely like
DNA sequencing. In the past three years, with more under-
standing of the features of TALENs, a variety of rapid
TALEN assembly methods have been invented by a number
of molecular genetics laboratories. Depending on their
assembly theories, all can be divided into three main plat-
forms, which use (1) standard cloning assembly methods, (2)
Golden Gate assembly methods and (3) solid-phase assembly
methods, respectively (Joung and Sander, 2012; Xiao et al.,
2013).

The standard cloning assembly methods (also known as
sequential assembly) use standard restriction digestion and
ligation reactions to create a final assembled array in a parallel
hierarchical process. Three methods, namely unit assembly
(Huang et al., 2011), REAL (Sander et al., 2011) and REAL-
Fast Assembly (Reyon et al., 2012a), respectively, have been
successfully developed and applied in different organisms.

Of the three platforms, Golden Gate assembly technology
has been widely used, with the advantage of being simple, fast
and inexpensive (Cermak et al., 2011; Li et al., 2011; Sander
etal., 2011; Weber et al., 2011; Zhang et al., 2011). It employs
type IIS restriction enzymes to create multiple sticky ends.
Cloning is carried out by digestion and ligation in the same
reaction mixture, and researchers can easily ligate up to 10

TALE repeats in one reaction. For example, a custom TALEN
with 15—31 repeats can be efficiently designed and made by
two-step ligation using the Golden Gate assembly protocol
invented by the Voytas laboratory (Cermak et al., 2011). The
Golden Gate assembly methods depend on sequencing to
identify the correct clone, and it usually requires 3—5 days to
accomplish assembly. Up to now, most TALENs targeting
plant genes have been constructed by the Golden Gate method
(summarized in Table 1).

Four high-throughput TALEN assembly methods, FLASH
(Fast Ligation-based Automatable Solid-phase High-
throughput), ICA (Iterative Capped Assembly), Chip and LIC
(Ligation Independent Cloning), dependent on solid-phase
synthesis, have been described. FLASH enables assembly of
fragments encoding 96 arrays in less than a day (Reyon et al.,
2012b). ICA is a protocol for performing iterative ligation on
solid-phase magnetic beads, developed by the Church labora-
tory (Briggs et al., 2012). DNA repeat monomers are added
individually to a growing chain and hairpin “capping” oligo-
nucleotides are used to block incompletely extended chains.
Using ICA, the synthesis of TALEs up to 21 monomers in
length and their ligation into a nuclease-carrying backbone
vector can be accomplished within 3h (Briggs et al., 2012). This
method can greatly increase the frequency of the full-length
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Table 1
Examples of targeted gene modification using TALENS in plants

TALEN construction Mutation

Reference

Gene knockout Cermak et al., 2011
Mahfouz et al., 2011

Zhang et al., 2013

Gene knockout

Gene knockout, insertion
and replacement

Gene knockout Li et al., 2012b

Gene knockout, large Shan et al., 2013

deletion, inversion

Plant species Gene name Modification
type platform
Arabidopsis ADH]I NHEJ Golden Gate
Tobacco EBE of Hax3 NHEJ Not available
Tobacco SurA, SurB NHEJ, HR Golden Gate
Rice EBE of AvrXa7 NHEJ Golden Gate
and PthXo3

Rice OsDEP1 NHEJ Golden Gate
Rice OsBADH?2 NHEJ Golden Gate
Rice OsCKX2 NHEJ Golden Gate
Rice 0sSD1 NHEJ Golden Gate
Brachypodium BdABAI NHEJ Golden Gate
Brachypodium BdCKX2 NHEJ Golden Gate
Brachypodium BdSMC6 NHEJ Golden Gate
Brachypodium BdSPL NHEJ Golden Gate
Brachypodium BdSBP NHEJ Golden Gate
Brachypodium Bdcoll NHEJ Golden Gate
Brachypodium BdRHT NHEJ Golden Gate
Brachypodium BdHTAI NHEJ Golden Gate

Gene knockout
Gene knockout
Gene knockout
Gene knockout
Gene knockout
Gene knockout
Gene knockout
Gene knockout
Gene knockout
Gene knockout

Gene knockout

Shan et al., 2013
Shan et al., 2013
Shan et al., 2013
Shan et al., 2013
Shan et al., 2013
Shan et al., 2013
Shan et al., 2013
Shan et al., 2013
Shan et al., 2013
Shan et al., 2013
Shan et al., 2013

final product. Chip is another magnetic bead-based TALE
assembly method, which allows the synthesis of over one
hundred TALEs of 16—20 repeats in three days (Wang, 2012).
LIC is based on a library of DNA constructs encoding individual
TALE repeat unit combinations that are designed to anneal with
the overhangs of other fragments in a highly specific manner
without prior ligation. Researchers can assemble more than 600
TALENs with exceptional fidelity in a single day (Schmid-
Burgk et al., 2012). These high-throughput TALEN assembly
systems make it possible to modify genes on a genome-wide
scale.

Researchers can obtain reagent kits for the above platforms
from the non-profit plasmid distribution service Addgene (http://
www.addgene.org/talen/). And, more conveniently, sources of
TALENSs including target design and prediction, assembly
methods, reference collections, protocols and materials, and
even newsgroups for discussion, are easily found on websites
such as TALEN-NT (Doyle et al., 2012), idTALE (Li et al.,
2012a) and EENdb (Xiao et al., 2013). Thus very straightfor-
ward working methods for generating TALENs are being
developed.

TYPES OF GENOME MODIFICATION

Since Fok I functions as a dimer, TALENS designed as pairs
allow two monomers to bind at two adjacent sites separated by
a DNA spacer that allows Fok I to form dimers to cleave the
given target sites. Consequently, DSBs induced by TALENs
will activate DNA repair either by non-homologous end

joining (NHEJ) or homologous recombination (HR). If DSBs
are repaired by NHEJ, an error-prone pathway which often
simply rejoins broken DNAs imprecisely, this will lead to
frame-shift mutations with small insertions or deletions (indels)
at or near the DSB, so this repair pathway can be used to create
knock-out mutants. Alternatively, if DSBs are repaired by HR,
which is stimulated by the homologous DNA template
surrounding the DSBs, HR can be employed to create site-
specific sequence modifications or insertions. Through NHEJ
or HR, TALENs can be used to perform TGMs including
mutations, insertions, replacements and chromosome rear-
rangements (Fig. 2).

Targeted gene mutagenesis

Targeted gene mutagenesis, the most common and simplest
means of TGM, disrupts gene function by taking advantage of
errors introduced by NHEIJ. To disrupt a gene, TALENSs should
be designed to target the open reading frame (ORF) of a gene,
particularly in the exons in the first 1/3 to 1/2 of an ORF.
Indels induced by NHEJ can be introduced subsequently at
predetermined sites to cause frame-shift mutations and
knockout gene function. Gene mutations, induced in several
plant species, such as Arabidopsis (Cermak et al., 2011),
Brachypodium (Shan et al., 2013), rice (Shan et al., 2013),
tobacco (Zhang et al., 2013), and many other organisms
(Joung and Sander, 2012; Streubel et al., 2012; Tong et al.,
2012), are the most important types of TGMs mediated by
TALENSs that have been reported to date.
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Fig. 2. Genome modification with TALENS.

Chromosomal inversion

Chromosomal translocation

A: genome modification with one pair of TALENs. Double-strand breaks (DSBs) induced by one pair of TALENs will activate DNA repair mechanisms either by
non-homologous end joining (NHEJ) or homologous recombination (HR). Through NHEJ, DSBs lead to frame-shift mutations with small insertions or deletions
(indels) and result in gene disruption (left panel); HR, stimulated by the homologous DNA template, leads to gene replacement (middle panel) or gene insertion
(right panel). B: genome modification with two pairs of TALENs. The introduction of two pairs of TALENS targeted at two sites on the same chromosome can
cause large deletions or inversions (left panel). The introduction of two nuclease-induced DSBs on different chromosomes can lead to translocations or multiple

gene disruptions (right panel).

Targeted gene insertion

Traditional transgene methods typically transform and
integrate foreign genes into host cells at random. The biolog-
ical effects may therefore be related to the integration sites
rather than the transgenes themselves, so it is hard to define
gene function unambiguously. Targeted gene insertion by
TALENS is a good HR-dependent approach to integrate genes
of interest into genomes at given sites and avoid random
insertions. Using this targeted gene insertion technology,
researchers can select sites that are conducive to high levels of
gene expression and integrate different genes at the same locus
under the control of identical regulatory elements to detect
subtle differences in gene function. Furthermore, it could be
used to insert multiple genes at the same chromosomal locus to
stack genes. This makes it easier to combine all of the genes of
interest at the same locus and then transfer them into other
germplasms by crossing to accelerate plant molecular breeding
(Curtin et al., 2012; Tzfira et al., 2012). Targeted tagging is
another example of targeted gene insertion. It specifically
refers to inserting a tag or a reporter gene to label an endog-
enous gene. Zhang et al. (2013) used TALENSs to generate an
ALS-GFP fusion protein expressed in tobacco protoplasts.

Targeted gene replacement

Targeted gene replacement is normally obtained by an
HR-dependent DNA repair pathway, in which TALENs and
donor DNA templates containing sequences homologous to
those flanking the break site are delivered to cells simulta-
neously. In this way DSBs induced by the TALENSs can be
immediately repaired using the donor DNA template and
generate a specific change at a specific genomic location.
Targeted gene replacements mediated by TALENs have been
successfully used to modify predetermined sequences in yeast
(Li et al., 2011), zebrafish (Bedell, 2012) and rice (Zhang
et al., 2013).

Targeted chromosomal rearrangement

When two pairs of TALENs are delivered into cells at the
same time, this will lead to more complex types of TGMs,
including large deletions, inversions and translocations. Large
deletions and inversions are usually generated by two pairs of
TALENSs targeted at two sites on the same chromosome;
otherwise translocations are induced when two TALENS target
different chromosomes. Because these modifications need two
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DSBs to be introduced at the same time, relatively few chro-
mosomal rearrangements have been obtained to date. Large
deletions or inversions have been generated in livestock
(Carlson et al., 2012), silkworm (Ma et al., 2012) and rice
(Shan et al., 2013). The large chromosomal rearrangements
obtained by simultaneous expression of two pairs of TALENs
can be useful for a variety of purposes. For example, targeted
deletions would make possible the selective removal of gene
clusters and enables scientists to delete intergenic regions,
introns, regulatory elements and noncoding RNAs.

TALEN-MEDIATED GENOME MODIFICATION IN
PLANTS

Although TALEN technology benefits from the discovery
of the DNA recognition code which TALEs have adopted to
regulate effector gene expression in plants, the achievements
of genome modification in plants are lagging behind those in
other organisms such as zebrafish (Huang et al., 2011; Sander
et al., 2011; Cade et al., 2012; Moore, 2012). Up to now,
TALEN-mediated genome modification has been adopted in
four plant species, Arabidopsis (Christian et al., 2010; Cermak
etal., 2011; Li et al., 2012a), tobacco (Mahfouz et al., 2011; Li
et al., 2012a; Zhang et al., 2013), rice (Li et al., 2012b; Shan
et al., 2013) and Brachypodium (Shan et al., 2013).

Most of the resulting mutations reported in plants until now
are NHEJ-dependent genome mutations. The initial research
was carried out by Christian et al. (2010) in Voytas’ laboratory,
one year after the recognition code was deciphered. These
workers assembled pairs of TALENS targeting the Arabidopsis
gene ADHI and proved that they were active in a yeast assay
(Christian et al., 2010). One year later Cermak et al. (2011)
described Golden Gate Method and its reagents for effi-
ciently assembling TALEN constructs with custom repeat
arrays. The same Arabidopsis gene ADHI was successfully
TALEN-targeted in Arabidopsis protoplasts using this method.
In the same year, Zhu’s group generated a de novo Hax3 Tale-
base hybrid nuclease (dHax3N) by fusing a modified dHax3
DBD sequence to a Fok I C terminal cleavage domain
(Mahfouz et al., 2011). When transiently expressed in tobacco
leaves, the modified Hax3N created DSBs in its artificial target
sequence in vivo. Furthermore, Li et al. (2012a) assembled
dTALEN heterodimers binding to the CDS of AtPDS3 and
demonstrated their cleavage activity in vitro.

The highpoint of the application of TALEN technology to
crop improvement so far has been the production of disease-
resistant rice by high-efficiency TALE-based gene editing (Li
et al., 2012b). Bacterial blight is a devastating disease respon-
sible for large losses of rice yields, and the main cause of the
virulence was the TALE secreted by Xanthomonas oryzae pv.
oryzae (Xoo0), which transcriptionally activates specific rice
disease-susceptibility (S ) genes. Li et al. (2012b) used TALENSs
to edit a specific S gene, the sucrose-efflux transporter gene
(Os11N3, also named OsSWEET14), by disrupting the effector-
binding element (EBE) in its promoter region without changing
its expression. TALENs targeted at an essential sequence
covering the natural EBEs of AvrXa7 and PthXo3 were

designed and transformed into rice cells. Several independent
mutant lines with disrupted EBE sequences were obtained, and
the progeny of some of them displayed resistance specific to
AvrXa7 and PthXo3, and morphologically normal phenotypes.

Targeted gene insertions and replacements have been
accomplished by the Voytas laboratory using highly efficient
TALE scaffolds optimized by employing tobacco protoplasts
and TALENSs targeting the acetolactate synthase (ALS) gene
(Zhang et al., 2013). The high frequencies of targeted muta-
tions (30%) and gene insertions (14%) hold promise of
permitting genome modification by protoplast transformation
without the need for selection or enrichment regimes. In
addition, when TALENs were co-transformed with donor
DNA carrying a 6-bp variant of surA or surB, targeted gene
replacements (4%) in calli were achieved. The protoplast SSA
(Single-strand Annealing) assay has been shown to provide
a reliable means of assessing TALEN activity at endogenous
chromosomal target sites. The Voytas’s laboratory has
provided plant biologists with an efficient plant genome
engineering system using TALENSs, including the Golden Gate
assembly method (Cermak et al., 2011), optimal scaffolds of
increased effectiveness (Zhang et al., 2013) and a nuclease
activity validation method using protoplasts (Zhang et al.,
2013). Their work thus offers hope of being able to perform
plant genome engineering in general molecular biology labs.

Large scale highly efficient targeted gene modification by
TALENS in rice and Brachypodium has been achieved in our
laboratory (Shan et al., 2013). We obtained targeted gene
knockouts of four rice genes and eight Brachypodium genes,
with mutation rates reaching >30% as measured both by
restriction enzyme digestion assays and sequencing. Our
reagents and cloning processes are seamlessly integrated into
a published Golden Gate TALEN engineering platform, which
has been used by more the 800 laboratories worldwide (Pennisi,
2012). Instead of some laborious plant transformation proce-
dure, a rapid, accurate and reliable protoplast transient assay,
based on PCR/restriction enzyme screening, was used to
quickly screen active nuclease activities independently at each
endogenous target site in rice and Brachypodium. The active
TALENs were subsequently transformed into embryonic cells
of rice or Brachypodium using the Agrobacterium trans-
formation method. We identified in total of 127 mutant
sequences in both rice and Brachypodium, and each was char-
acterized as a small deletion, insertion, or nucleotide substitu-
tion. Most mutations were small deletions ranging from 1 to
20 bp and all of the mutations occurred in the spacer region
between the TALEN binding sites. These high frequencies
allowed us to isolate large genomic deletions (e.g., 1.3 kb) by
simultaneous expression of two pairs of TALENS. This was the
first report that demonstrated the production of genomic dele-
tions of large, predetermined endogenous DNA segments in
a targeted fashion in plants. So far, nearly 70 TALEN pairs
targeting 33 rice genes and 18 Brachypodium genes have been
successfully constructed and validated in our laboratory
(unpublished data). In addition, preliminary experiments show
that TALENSs can induce indel mutations that disrupt genes in
Arabidopsis, petunia, cotton, maize and wheat (unpublished
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data). It will not be surprising if, in the near future, TALEN
technology is extended to potato, soybean, sorghum, oilseed
rapes and other plants species or crops of commercial value.

CONCLUSIONS AND PERSPECTIVES

TALEN mediated targeted genome modification is rapidly
becoming a powerful tools for genome engineering. In the last
three years there has been an explosion in the number and
diversity of applications of this technology (Joung and Sander,
2012; Marx, 2012; Mussolino and Cathomen, 2012; Pennisi,
2012). However TALEN-mediated TGM in plants is far
behind that in other organisms. Several challenges remain to
be addressed if these technologies are to be used routinely in
plants. First, the efficiency of specific DNA targeting of
TALENs has to be increased. Although truncated TALENs
have been efficient in creating targeted gene knockouts in rice
and Brachypodium (Shan et al., 2013; Zhang et al., 2013), the
efficiencies of TALENs tested in our laboratory varied
substantially. Some reached 100%, while about 50% of
TALEN pairs had no detectable nuclease activity (unpublished
data). Hence, more efficient TALENSs that can be used in
various plants are urgently needed. Many methods, including
adopting scaffolds with modified amino acids, developing
more efficient Fok 1 variants, selecting suitable linkers
between TALE and Fok I, and optimizing the spacer length
between the two monomers, hold great promise of increasing
TALEN efficiency and should be tried out. Furthermore,
a major problem preoccupying researchers is that we cannot
predict the TALEN activity at specific sites. So another valu-
able contribution would be to develop some general rules for
improving TALEN efficiency, and this might require collect-
ing more information about the TALENs that have been tried
out in various organisms.

Secondly, methods for TALEN delivery into cells need to be
developed for different plants and genotypes. TALEN-mediated
genome engineering in plants requires efficient genetic trans-
formation. Since some plants, such as wheat, are described as
recalcitrant to transformation, to realize TGMs in these plants,
efficient genetic transformation protocols are needed.

Thirdly, our understanding of homologous recombination
should be improved. Since DNA repair by HR is usually
limited by a high rate of NHEJ, a thorough understanding of
DNA repair mechanisms and the discovery of useful methods
for enhancing HR are needed to achieve insertions, replace-
ments, tagging and stacking, and particularly for introducing
new traits into crop plants.

Finally, the application of the TALEN approach should be
broadened to more plants, particularly to important crop species
and cultivars. This depends not only on the development of
TALENS but also on the adaptation and modification of existing
tools and methods for TALEN validation and delivery in plants.
And researchers should expand TGMs from TALENSs to other
TALE-based technologies, by combining TALEs with other
functional domains such as repressors, activators, recombi-
nases, nickases and methylases (Mahfouz and Li, 2011; Curtin
et al., 2012; Joung and Sander, 2012). These will open up more

possibilities for manipulating genomes at specific sites, and
broaden our ability to regulate genes by different routes.

Although there are still problems limiting their application
in plants, TALENs represent a breakthrough technology in
genome engineering (2011; 2012; Baker, 2012; Joung and
Sander, 2012). TALEN-induced genome modification in
plants offers more possibilities of investigating sophisticated
gene functions directly in planta. At the same time, it provides
an efficient tool for genome engineering — for example,
TALEN-mediated genome modification is much more rapid
than traditional crop breeding. Furthermore, TALEN tech-
nology has the potential to allay concerns about the commer-
cialization of genetically modified crops because foreign DNA
is not involved and it gives rise to marker-free varieties as well
as targeted mutations at clearly defined sites. Therefore we can
anticipate that plant varieties generated by genome engineering
will be regulated by governmental agencies in ways different
from traditional transgenic plants (Kuzma and Kokotovich,
2011). Thus TALENS, act as customizable molecular DNA
scissors, and open the way to the next generation of genome
engineering in plants.
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